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ABSTRACT
This s tu d y  investigates the patterns of cophylogeny d o cu m en ted  
betw een pocket gophers (Rodentia: G eom yidae) an d  their ectoparasitic 
chew ing lice (Phth iraptera: Trichodectidae). The first two chapters 
investigate the m echanism s that reinforce cospeciation in  this system . 
C hapter one exam ines w he ther m am m alian  hair d iam ete r is a resource 
tracked by chew ing lice, an d  thus reinforces the  pa tterns of cospeciation. I 
found th a t ha ir d iam eter of pocket gophers is correlated w ith  gopher body 
size and  the b o d y  size of the ectoparasitic chew ing lice. H a ir d iam eter also is 
correlated w ith  size of the rostral groove, w hich  chew ing  lice use to grasp 
hair shafts of pocket gophers. In chapter tw o I exam ine w hether h a ir  
d iam eter is the resource by  w hich  coexisting chew ing louse species p a rtitio n  
available habitat. A lthough  the pattern  of spatia l pa rtitio n in g  was clearly 
evident, hair d iam eter does n o t seem to be the m echan ism  by w hich lice 
partition  their habitat. A lternative resources could  include  tem pera tu re , 
hum id ity , or the d istribu tion  of sebaceous g lands th ro u g h o u t the gopher 
pelage. C hapters three, four, and  five investigate the bacteria associated w ith  
the pocket gopher-chew ing louse system. I u sed  the cu ltu re -in d ep e n d e n t 
m ethod of am plify ing  DN A  sequences to de te rm ine  the identification of 
bacteria extracted from  sam ples of chew ing lice. This m ethod  yielded 
approxim ately 35 d istinct lineages of bacteria associated w ith  this system . I 
also am plified D N A  sequences of bacteria from  the eggs o f chew ing lice to
v iii
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d e te rm in e  w h e th e r any bacteria w ere  transferred  vertica lly  in  insects 
th ro u g h  th e  eggs. Several species o f bacteria  w ere repeated ly  seen  in  these 
am plifica tions, w h ich  could be exp la ined  by the in co rp o ra tio n  o f bacteria in  
the  insect eggs. F u rther study  w o u ld  be requ ired  to p ro v id e  conclu sive  
evidence o f d irect vertical tran sm iss io n  of bacteria in  chew ing  louse  eggs. 
The final c h ap te r of th is d issertation  looks in  detail a t tw o g ro u p s of bacteria 
associated w ith  chew ing lice (gam m a-Proteobacteria  an d  Staphylococcus  
species). C om plete  sequencing of th e l6 S  rR N A  gene d e m o n s tra te d  th a t 
m u ltip le  species of both  groups a re  associated w ith  the pocket gopher- 
chew ing  lo u se  system . Studies o f cophylogeny  betw een  the species of 
Staphylococcus  and  their hosts w ere  inconclusive an d  requ ire  m o re  
in tensive  tax o n  sam pling.
ix
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INTRODUCTION
So, n a tu ra lis ts  observe, a flea 
H as sm aller fleas th a t on h im  prey ;
A nd  these  have  sm aller still to b ite  'em ;
A nd  so  p ro ceed  ad infinitum.
Jonathan  Sw ift (1667-1745) in  Poetry, a R hapsody.
Since 1984, M ark  H afner and  his colleagues h av e  stu d ied  cophylogeny 
(also term ed cospeciation) in  a group of roden ts  (pocket gophers) and  th e ir  
insect ectoparasites (chew ing  lice; for a rev iew  of th is w ork  see H afner, 
D em astes, Spradling , an d  Reed in press). O ne p o rtio n  of my research  
explores the possib le m echanism s that m ay  h av e  re in forced  if no t caused th e  
pa ttern  of cospeciation docum ented  in  this host-parasite  system . In chap ter 
one, I exam ine the re la tio n sh ip  betw een m am m alia n  h a ir  d iam eter, body 
m ass, an d  chew ing louse rostral groove d iam eter. I show  a significant, 
positive allom etric  re la tio n sh ip  betw een m am m alia n  h a ir  d iam eter and  
body m ass. I also sh o w  a significant positive  re la tio n sh ip  betw een pocket 
gopher ha ir d iam ete r and  the rostral groove d im en sio n s  of chew ing lice. 
Lice use this rostra l groove to grasp ha irs  of th e ir host. Coupled w ith  
p rev ious evidence o f a s tro n g  allom etric re la tionsh ip  be tw een  rostral g roove 
w id th  and  louse body  size, these findings suggest th a t h a ir  d iam eter of th e  
host is an  im p o rta n t d e te rm in an t of body size in  chew ing  lice. W h e n
1
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view ed in  lig h t of the  extrem e host specificity of chew ing lice (Reed a n d  
H afner 1997), one can postulate th a t the  fit be tw een  gopher hair d iam e te r 
and  louse ro stra l groove diam eter m ay  reinforce pa ttern s of cospeciation.
C ertain taxa of chew ing lice of the  genera Geomydoecus  an d  
T ho m o m yd o ecu s  coexist on pocket gophers of the  genus T h o m o m ys .  In  
chapter tw o, I investigate  the spatial d is trib u tio n  of coexisting louse species 
on their hosts an d  explore possible m echan ism s of resource partition ing  by 
chewing lice. C hew ing  lice appear to p a rtitio n  available host resources 
spatially, w ith  G eom ydoecus  occurring p rim arily  on  the latera l and do rsa l 
regions of the host, and  T ho m o m yd o ecu s  occurring  p rim arily  on  the la te ra l 
and  ven tra l regions. A lthough  spatial p a rtitio n in g  of the host habitat is 
evident, it does n o t appear to be explained  by  ha ir diam eter. Ecological an d  
behavioral in teractions betw een these tw o genera of chew ing lice may h a v e  
im portant effects on  gopher-louse cospeciation.
My research  extended the gopher-louse  s tu d y  of cophylogeny to a 
th ird  taxonom ic g roup , the endosym biotic bacteria of chew ing lice. T h e  
asociality and  patchy  d istribu tion  of pocket gophers, com pounded by th e  
extreme isolation o f chew ing louse popu la tions on  in d iv id u a l hosts, suggest 
that the bacterial endosym bionts of chew ing  lice m ay show  patterns of 
geographic v a ria tio n  tha t m irro r those of the ir hosts. M any biologists 
assum e, e ither im plicitly  or explicitly, th a t m icrobial species are ubiqu itous 
(or nearly so) an d  th a t chance plays a m ajo r role in  de te rm in ing  m icrobial 
com m unity  s tru c tu re  a t any specific locality  (e.g. W ard  et al. 1998). R ecent
2
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16S rR N A -based m olecu lar surveys of m icrobial co m m u n ities  seem  to 
su p p o rt the a ssum ption  of bacterial ubiquity , in  th a t organism s w ith  
sim ilar— som etim es identical— 16S rR N A  sequences h ave  been  recovered 
from  geographically  d is tan t localities (Staley 1999).
M y research has exam ined this assum ption  in  the  context of a well- 
defined host-parasite  system  by testing the a lte rn a tiv e  hypothesis tha t 
bacterial lineages show  phylogenetic s truc tu ring  th a t para lle ls th a t of th e ir 
hosts (cophylogeny). C hapter three is an  exam ina tion  of the diversity  of 
bacteria found  w ith in  chew ing lice th a t parasitize pocket gophers. M any of 
these bacteria likely are short-term  transien ts in  the  gopher-louse  system , 
perhaps acquired  by the lice th rough  diet. In contrast, o th er bacteria m ay be 
obligate endosym bionts th a t perform  functions necessary  for louse su rv iv a l. 
M any endosym biotic bacteria are transferred  from  fem ale insects to the ir 
progeny  via the insect ovum . Chapter four describes the  search  for bacteria 
in the eggs of chew ing lice. T ransovarial inocu lation  o f insects is a  com plex 
m echanism  th a t likely evolved slowly. Therefore, bacterial species found in  
the eggs of chew ing  lice likely are long-term  associates of the lice and  m ay 
show  pa tterns of cophylogeny w ith  their louse hosts. The fifth, and  final 
chapter, is a s tu d y  of cophylogeny betw een chew ing lice an d  a selected group 
of endosym biotic bacteria of the genera Staphylococcus  an d  Acinetobacter. 
The results of th is s tudy  are discussed in  the  contex t of those from  the 
prev ious four chapters in  a closing section titled  "Sum m ary and  
C onclusions".
3
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CHAPTER 1
M AM M ALIAN HAIR DIAMETER AS A  POSSIBLE MECHANISM FOR 
HOST SPECIALIZATION IN  CHEWING LICE
INTRODUCTION
Body size of h o st an d  parasite often  are  correlated positively. H a rv ey  
and  K eym er (1991) and  M orand et al. (2000) dem onstra ted  th is tre n d  for 
chew ing lice (P h th irap tera : Trichodectidae) an d  their pocket g o p h er h o sts  
(Rodentia: G eom yidae). Specifically, H arv ey  a n d  Keym er (1991) u se d  th e  
com parative m e th o d  to dem onstra te  th a t increased  body size in  pocket 
gophers is associated invariab ly  w ith  increased  size of their ectoparasites. 
They suggested  th a t lice grow  larger on  la rg e r hosts because those  h o sts  
p resum ab ly  live longer an d  allow  their lice m o re  time to grow . A lth o u g h  
in trigu ing , th is exp lanation  seem s un like ly , g iven  that generation  tim e of 
chew ing lice (abou t 40 days; R ust 1974) is a lm o st an  order of m ag n itu d e  less 
than  genera tion  tim e of even  the sh o rtest-liv ed  species of pocket g o p h e r 
(about one year; N ow ak  1999).
O ther p o ten tia l explanations exist for the body-size c o rre la tio n  
docum ented  by  H arvey  an d  Keym er (1991). For exam ple, ability o f th e  h o s t 
to detect and  d estroy  ectoparasites m ay scale w ith  host body size and  thereby  
place an  u p p e r  lim it on  body size of the parasite . E volu tionary  changes in  
the body  m ass of the  host also m ight a lter h a b ita t of chew ing lice in  te rm s of 
tem pera tu re , h u m id ity , ha ir length an d  d iam eter, an d  o ther h ab ita t
4
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param eters. Because lice are ex trem ely  host specific (Price an d  E m erson  
1972; Reed an d  H afner 1997) an d  inextricably tied  to th e ir  h o s t for su rv iv a l 
(Kellogg 1913; M arshall 1981), it  seem s likely th a t lice w o u ld  show  finely 
tu n ed  adap ta tions for life on the ir host. C haracteristics of the hair, 
particu larly  ha ir d iam eter, sh o u ld  be im p o rtan t co m p o n en ts  of the  
env ironm en t of the louse (Fig. 1.1) because of the p iv o ta l ro le  th a t ha ir plays 
in  louse feeding, locom otion, ov ipositing , and  su rv iv a l (M urray  1957a; 
1957b).
M am m al pelage consists o f tw o basic types of ha irs : gu ard  hairs,
w hich  are  rela tively  long and  thick, a n d  w ool ha irs (or u n d e rfu r) , w hich  are 
sho rte r, th inner ha irs (M ayer 1952). M y observations of chew ing  lice reveal 
th a t lice sp en d  m ost of their tim e m ov ing  am ong  g u a rd  hairs and  are 
se ldom  seen attached to w ool hairs. A ccordingly, I focused th is 
investiga tion  on  m am m alian  g u a rd  hairs. I exam ined  the  re la tio n sh ip  
betw een  the d iam eter of gu ard  h a ir  an d  body m ass a t  severa l taxonom ic 
levels in m am m als (in te ro rd ina l, in trafam ilial, in trageneric , and  
intraspecific) to determ ine the generality  of the h a ir  size-body size 
re la tionsh ip  in  m am m als. I also investigated  w h e th er h a ir  d iam eter of the  
host w as correlated  w ith  host and  parasite  body size in  geom yid  rodents. 
M ATERIALS A N D  M ETHODS
A  single a d u lt ind iv idua l from  each of 18 species of non-geom yid  
m am m als (rep resen ting  17 fam ilies in  9 orders; A p pend ix  I) was
5
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Fig. 1.1. E lectron m icrograph (left) of a chew ing  louse {Geomydoecus 
aurei) a ttached to th e  h a ir shaft of a pocket g o p h er (Thomomys bottae). 
M agnified view  (right) of rostral groove and  h a ir shaft.
6
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exam ined  to assess v aria tion  in  h a ir  d iam eter across d iffe ren t o rders of 
m am m als. Taxa w ere selected random ly  from  the L o u is ian a  S tate 
U n ivers ity  M useum  of N a tu ra l Science Collection of M am m als, excep t th a t  
species w ith  conspicuous spines or quills w ere avoided a n d  ran g e  o f body 
size w as m axim ized as m uch  as possible (A ppendix I). Because of d ifficulty  
in  sam p ling  so m any w idely  d iv erg en t taxa, som e specim ens w e re  n o t  
collected from  the w ild  (A ppendix  I) and  season of co llection  w as n o t  
standard ized .
G uard  hairs (n = 20 per ind iv idua l) w ere rem oved from  the  n ap e  reg ion  of 
m u seu m  study  skins. The n ape  reg ion  w as selected to s ta n d a rd ize  th e  
sam pling  procedure and  reduce the likelihood of dam age to  haiirs f ro m  
groom ing. H airsw ere m o u n ted  o n  m icroscope slides w ith  Perm ount®  a n d  
secured  w ith  cover slips. M ath iak  (1938) determ ined  th a t the g rea test 
d iam ete r of m ost m am m alian  g u a rd  hairs w as found ro u g h ly  o n e -h a lf  th e  
d istance from  the root to the  tip. A ccordingly, I m easu red  h a ir  d iam e te r  
abou t m idw ay  betw een the roo t and  tip  by using a ligh t m icroscope  fitted  
w ith  an  ocular m icrom eter scale. M ass of each m am m al in  th is s tu d y  w as 
taken  directly  from  the specim en tag  or w as estim ated based o n  in fo rm a tio n  
p ro v id ed  by  N ow ak (1999).
Fourteen  species in  the  fam ily  G eom yidae (A ppendix  I) w ere  
exam ined  to assess varia tion  in  h a ir d iam eter w ith in  a single fam ily  o f 
m am m als. G uard hairs (n = 200 per specim en) w ere sa m p le d  fro m  
th ro u g h o u t the gopher pelage an d  p rep a red  for light m icroscopy. A sing le
7
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ind iv idua l from  each of seven species in  the  genus T h o m o m y s  (A ppend ix  I) 
was exam ined  to assess varia tion  in  h a ir  d iam e te r w ith in  a single genus o f 
pocket gophers. G uard  hairs (n = 200 p e r  specim en) w ere  sam pled  f ro m  
th ro u g h o u t the pelage and  p repared  fo r m icroscopy. Likewise, e ig h t 
in d iv id u a ls  from  a single species, T h o m o m y s  bottae, w ere exam ined  to  
assess v a ria tio n  in  ha ir d iam eter w ith in  a single species of pocket g o p h er. 
G uard  h a irs  (n = 200 per specim en) w ere  sam p led  from  th ro u g h o u t th e  
gopher pe lage  a n d  prepared  for m icroscopy.
W id th  of the  rostral groove w as m easu red  for a d u lt lice co llected  
from  the sam e ind iv idua l gophers from  w h ich  h a ir  d iam eter w as m e a su re d  
an d  w ith  ab o u t equal representation of m ale  a n d  fem ale lice. Louse sam p les 
were: Geomydoecus scleritus (n = 11) fro m  G eom ys pinetus; G eo m yd o ecu s  
panamensis  (n = 11) from  Orthogeomys cavator; Geomydoecus setzeri  (n = 8) 
from  O. u n d e rw o o d i; Geomydoecus aure i  (n = 10) from  T h o m o m y s  bottae; 
T h o m o m y d o e c u s  m in o r  (n = 6) from  T h o m o m y s  bottae; an d  G eo m yd o ecu s  
oregonus  (n = 11) from  T h o m o m y s  bu lb ivorus .  Lice w ere cleared for l ig h t 
m icroscopy by soaking  in the fo llow ing  series of so lu tions (10-20 
m in /so lu tio n ): 50% EtOH, 60% EtOH, 70% E tO H , 10% KOH, 80% EtOH, 90% 
EtOH, 100% EtOH, and  xylene. Lice w ere  m o u n te d  on m icroscope slides, 
secured  w ith  a coverslip , and allow ed to d ry  for 24 h. Rostral g roove w id th  
w as m easu red  w ith  a light m icroscope fitted  w ith  an  ocular m icrom eter.
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Because com parisons across species b o u n d a rie s  potentially are 
confounded  by phylogenetic  re la tionsh ips, in d e p e n d e n t contrasts 
(Felsenstein 1985; H arvey  and  Pagel 1991) w ere u sed  to rem o v e  phylogenetic 
effects from  these data. The com puter p ro g ram  CAIC (C om parative 
A nalysis of In d ep en d en t C ontrasts; Purv is a n d  R am b au t 1995) uses a 
phylogenetic hypothesis to generate independen t con trasts of data, which are 
then  analyzed statistically. Because m ost m am m alian  o rd in a l rela tionsh ips 
are unclear, com parisons am ong  orders of m am m als w ere  n o t transform ed 
using  CAIC. Such com parisons generally are considered  independen t 
because the phylogenetic  d istance betw een te rm in a l taxa w as large. H air 
d iam eter and  body m ass m easu rem en ts fo r pocket gophers w ere 
transform ed into in d ep e n d en t contrasts by u sing  a com posite  geom yid 
phylogeny based on  phylogenetic  studies by  H afner e t al. (1994), Smith (1998), 
and  Spradling (1997). N o phylogenetic hypotheses w ere  available for taxa 
below  the level of species; therefore, com parisons w ith in  T h o m o m y s  bottae 
w ere n o t transfo rm ed  into in d ep en d en t contrasts. M odel II regression 
analyses (m ajor axis m ethod) w ere perfo rm ed  w ith  the  SYSTAT statistical 
analysis software package (SYSTAT, Inc. 1992). M odel II regression is 
appropria te  w hen  tw o  variables lack a clear d e p en d e n t-in d ep e n d en t 
rela tionsh ip  and  b o th  are m easu red  w ith  error (LaBarbera 1989; M artin and  
Barbour 1989; Silva 1998). Regressions of in d e p e n d e n t contrasts w ere 
constrained  th rough  the  origin, as required  by  CAIC to re ta in  n - 2 degrees of 
freedom  (G arland e t al. 1992; Purvis and  R am baut 1995).
9
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RESULTS
The regression analysis o f h a ir d iam eter an d  body  m ass for 18 species 
representing  9 orders of m am m als (Fig. 1.2) revealed  a p ositive  re la tio n sh ip  
(P < 0.05; Table 1.1). The allom etric coefficient of this re la tionsh ip  (a  = 0.13 ± 
0.03) w as low, w hich ind icates th a t body m ass increased  m ore  rap id ly  th an  
hair d iam eter am ong m am m als exam ined, w hich  ran g ed  in  body size from  
a 3.5-g b a t (Pipistrellns) to a 600-kg bear (Ursus).
Regression analysis of in d ep en d en t contrasts of h a ir  d iam eter and  
body m ass for 14 species of pocket gophers (Fig. 1.3) revealed  a sim ila r
allom etric trend  (a  = 0.25 ± 0.05; P < 0.05; Table 1.1). T hus, w h en  analyzed at
the fam ily level (and con tro lling  for phylogenetic re la tio n sh ip s w ith in  the  
family), larger species of pocket gophers tend to have th icker g u a rd  hairs.
Exam ination of the  re la tionsh ip  betw een ha ir d iam ete r and  body 
m ass w ith in  a single genus of pocket gophers (T h o m o m y s ; Fig. 1.4) show ed 
the sam e trend  ev iden t in  the analyses at h igher taxonom ic levels. In 
ind iv iduals rep resen ting  sev en  species of Thomomys , h a ir  d iam eter show ed 
a significant allom etric rela tionsh ip  w ith  body m ass ( a  = 0.20 ± 0.07; P < 0.05; 
Table 1.1).
Regression analysis of h a ir diam eter and  body m ass for eight 
ind iv iduals of Thomomys bottae (Fig. 1.5) also show ed  a significant, positive  
relationship  (a  =0.33 ± 0.04; P < 0.05; Table 1.1). Thus, larger ind iv idua ls of
10

















Table 1.1. Model II regression analyses (major axis m ethod) of the relationship betw een hair diam eter (Diam) and 
body mass (Mass) at four taxonomic levels in mam m als (depicted graphically in Figs. 1.2 through 1.5; taxa exam ined are 
listed in Appendix I).
Taxon (») Regression model Slope SE 95% Cl P
Non-geom yid M ammalia (18) ln(Diam) = A + B * ln(Mass) 0.13 0.03 0.06-0.19 <0.05
Geomyidae (14) ln(Diam) = B * ln(Mass) 0.25 0.05 0.13-0.36 <0.05
Thomomys  (7) ln(Diam) = B * ln(Mass) 0.20 0.07 0.02-0.37 <0.05















1 44 1 0 1 26 82
Body m ass (in In g)
Fig. 1.2. M ajor axis regressions p e rfo rm ed  on  ln(mass) and  
ln(diam eter) for 18 species of m am m als. R egression m o d e ls  are in Table 1.1, 
and  taxa exam ined  are  listed  in A ppendix  I.
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Fig. 1.3. M ajor axis regression th rough  the  o rig in  of in d e p e n d e n t 
contrasts of ln(m ass) an d  ln(diam eter) for m em bers of the fam ily  
Geom yidae. Regression m odels are  in Table 1.1, a n d  taxa exam ined are listed 
in A ppendix  I.
13
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Independen t contrasts of body  m ass (in In g)
Fig. 1.4. M ajor axis reg ression  th rough  the orig in  of in d ep e n d en t 
contrasts of ln(m ass) and In(diam eter) for pocket gophers in  the genus 
Thomomys. R egression m odels are  in  Table 1.1, and  taxa exam ined  are listed 
in A ppendix  I.
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Body m ass (in In g)
Fig. 1.5. R egression  (m ajor axis m ethod) perfo rm ed  on ln(m ass) a n d  
In(diam eter) for e ig h t in d iv id u a ls  of T h o m o m y s  bottae. In d iv id u a ls  
designated by squares (collected in  native  desert-scrub habitat) and  trian g les  
(collected in  alfalfa fields) are those analyzed b y  P a tton  and  Brylski (1987) a n d  
Smith an d  Patton  (1988). These ind iv iduals are  d iscussed  fu rther in  the  text. 
Regression m odels a re  in  Table 1.1, and  taxa exam ined  are listed  in  
A ppendix I.
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T. bottae tend  to have  th icker guard  hairs than  sm aller in d iv id u a ls  of the  
sam e species.
The regression  analysis of louse groove w id th  an d  gopher h a ir  
d iam eter (Fig. 1.6) revealed  a  positive  re la tionsh ip  betw een  those variab les 
(P < 0.05). The regression  coefficient (a  = 1.09 ± 0.09) suggested a n e a r ­
isom etric re la tionsh ip  betw een  groove w id th  an d  ha ir d iam eter, w h ic h  
indicates th a t the  tw o struc tu res varied  proportionately . Im portan tly , the  Y- 
in tercep t o f the regression  (Fig. 1.6) w as close to zero ((3 = -3.9 /xm), w h ic h
suggests th a t w id th  of the ro stra l groove of a chew ing louse w as very  s im ila r  
in  actual d im ensions to m ax im um  w id th  of the g u a rd  ha irs  of its host. 
DISCUSSION
H air D iam eter a n d  Body Size
My analyses docum en t a consisten t negative allom etric  re la tio n sh ip  
betw een  h a ir  d iam eter an d  body m ass in m am m als, regardless o f th e  
taxonom ic level exam ined. The low  allom etric coefficient of th is  
re la tionsh ip  (rang ing  from  a  = 0.13 to 0.33; Table 1.1) indicates that larger 
m am m als tend  to have g u a rd  hairs th a t are larger in absolu te  d iam eter b u t 
p ropo rtiona te ly  sm aller th an  g u a rd  hairs of sm aller m am m alian  species. 
This consisten t re la tionsh ip  betw een  hair d iam eter an d  body size in  
m am m als is rem in iscen t of the  negative  allom etric re la tionsh ip  observed  
for m any  o th er m am m alian  features th a t scale w ith  body size (e.g., b ra in  
size, longevity , m etabolism ) a n d  suggests that in  m ost species of m a m m a ls  
ha ir d iam eter m ay  be constra ined  w ith in  certain  boundaries by s im p le
16
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H air D iam eter of Pocket G opher (^m)
Fig. 1.6. L inear regression  (general linear m odel) perform ed o n  
chew ing louse groove w id th  an d  pocket gopher ha ir d iam ete r for six species 
of lice collected from  five species of pocket gophers (Geomys pinetus ,  
Orthogeomys cavator, O. underxvoodi, Thomomys bottae, and  T. 
bulbivorus).  Regression m odels are show n in Table 1.1, an d  taxa exam ined  
are listed in  A ppendix  I.
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grow th  laws. This is not to suggest, how ever, tha t hair lacks im p o r ta n t  
functional significance in m ost m am m alian  species or that adap ta tion  has 
no t p layed an  im p o rtan t role in  e v o lu tio n  of specialized hairs, such  as 
spines or quills (specifically excluded from  this analysis). A lth o u g h  h a ir  
d iam eter, per se, m ay be rigidly constra ined  in  m any (or m ost) species of 
m am m als, o th er aspects of m am m alian  pelage, includ ing  de ta iled  
m icrostructure of the hair, hair length, shape, color, and density  (num ber of 
hairs per follicle and  follicle density) are  less likely to scale w ith  body size 
and, thus, m ay have evolu tionary  flexibility in  a w ide variety  of a d ap tiv e  
contexts.
The analysis of hair d iam eter and  body-m ass relationships w ith in  a 
single species of pocket gopher (T. bottae; Fig. 1.5) em phasizes the tig h t 
linkage betw een  these two variables in  th is species. This re la tio n sh ip  
suggests tha t a change in m ean body m ass w ith in  a lineage of pocket g ophers 
over tim e (e.g., in  response to clim ate change or an  increase or decrease in  
food resources) w ill be accom panied by a corresponding  change in  h a ir  
diam eter. To tes t this prediction, I included  in  m y analysis six ind iv idua ls  of 
T. bottae th a t also w ere exam ined by P a tton  and  Brylski (1987) and  S m ith  
and Patton (1988). Those studies com pared  body-size relationships be tw een  
gophers collected from  native desert-scrub hab itat betw een 1937 an d  1971 
(indicated by  squares in Fig. 1.5) to those collected from  the sam e geographic 
region du rin g  1984 and  1985, m any years after the native vegetation  h ad  
been converted  to irrigated alfalfa fields (indicated by triangles in Fig. 1.5).
18
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Sm ith a n d  P a tto n  (1988) show ed th a t the po ck et gophers collected in  th e  
alfalfa fie ld s (p resum ably  direct descendants o f the  popu la tions sam p led  
decades ea rlie r  in  na tive  habitat) w ere sign ifican tly  larger than  th e ir  
ancestors in  overall bo d y  m ass and  o ther body  d im en sio n s. This increase in  
body  m ass is e v id e n t in  m y  analysis (Fig. 1.5), a n d  it is clear that the increase  
in  overall b o d y  size in  these pocket gophers w as accom panied  by an  increase  
in  h a ir  d iam ete r.
Hair D iam eter and Parasite Size
L arger pocket gophers host larger chew ing  lice (H arvey and  K eym er 
1991; M o ran d  e t al. 2000), and  the above analyses corroborate  the p re lim in a ry  
evidence p resen ted  by M orand et al. (2000) sh o w in g  that larger pocket 
gophers also  h av e  thicker guard  hairs. To estab lish  a m e a n in g fu l  
connection  b e tw een  ha ir d iam eter and  louse bo d y  size, it is im p o rtan t to  
focus o n  som e aspect of the body of the louse th a t  in teracts directly w ith  th e  
hair of the  g opher. For this, I chose the rostral g ro o v e  of the chew ing lo u se , 
w hich is u se d  to  g rasp  the hair of the gopher (Fig. 1.1). G iven that the ro s tra l 
groove is a ra th e r  rig id  structure, I p red ic ted  a close fit betw een ro s tra l 
groove w id th  in  chew ing  lice and  hair d iam eter in  pocket gophers u n d e r th e  
assum ption  th a t  a louse w ith  a very  n a rro w  ro stra l g roove w ould  be u n a b le  
to grasp  a th ick  ha ir, w hereas a louse w ith  a v e ry  w id e  groove m ay slip f ro m  
a n arro w  h a ir . M urray 's  (1957a, 1957b) stud ies o f chew ing  lice (Dam alin ia ) 
on sheep (O v is ) show ed  that lice kep t in labo ra to ry  colonies in w hich  th in  
glass fibers w e re  u sed  as artificial hairs w ere ex trem ely  sensitive to w id th  of
19
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the glass fibers. If fibers w ere too thick, lice w ere unab le  to grasp th e m  
betw een  the  gonopod and  abdom en  an d  could no t lay eggs. S im ilarly , 
differences in  ha ir shape (and  p e rh ap s  diam eter) be tw een  h u m an s of 
A frican descen t and  those of E u ropean  descent have been  u sed  to explain  
reduced  susceptibility  of A fricans to head  lice (Pediculits h u m a n u s )  from  
E urope a n d  reduced susceptib ility  of E uropeans to head  lice of the sam e 
species from  Africa (U nited States C enters for Disease C ontro l 1984). 
P resum ably , lice in the tw o reg ions have  evolved d ifferen tia l abilities to 
grasp flat hairs typical of h u m an s  of A frican descent v e rsu s ro u n d  ha irs  
typical of h u m an s of E uropean  descent.
M y resu lts corroborate p re lim in a ry  findings of M orand  e t al. (2000), 
w h ich  sh o w  a close fit betw een  h a ir  d iam eter in pocket gophers an d  rostra l 
groove w id th  of chew ing lice w h en  analyzed  a t interspecific a n d  in te rgeneric  
levels (Fig. 1.6). This finding, coup led  w ith  M orand et al.'s (2000) d iscovery  
of a re la tio n sh ip  betw een body size an d  groove w id th  in  chew ing  lice, 
suggests th a t interspecific v a ria tio n  in  body size of lice m ay  be d e te rm in e d  
largely  b y  interspecific varia tion  in  d iam eter of gopher hair. If sm all species 
of lice (w ith  narrow  rostral grooves) are unable to grasp th ick ha irs  of large 
pocket gophers and  if large lice tend  to avoid  hosts w ith  th in  hairs, th is 
could  he lp  explain  the h igh  level of host-specificity observed in  chew ing lice 
a t zones of contact betw een gopher species of very  d ifferent body sizes (M. S. 
H afner, pers. comm.). This po ten tia lly  obligate rela tionsh ip  betw een  g roove 
size a n d  h a ir  d iam eter also m ay  explain  w hy  certain species of lice are
20
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unable to su rv ive  on certain  species of hosts in laboratory transfer 
experim ents. For exam ple, experim en ts by Reed and  H afner (1997) h a v e  
show n  th a t chew ing lice transferred  betw een  species of pocket gophers of 
sim ilar body size often  are able to estab lish  successful breeding colonies o n  
foreign (non-native) hosts. Lice th a t occur n a tu ra lly  on a large species of 
host occasionally are able to su rv ive  an d  reproduce  on  a sm aller species of 
host, b u t the  reverse does no t seem  to be true. This suggests that the rostra l 
groove of lice from  the sm aller hosts m ay  be too n a rro w  to grasp thick h a irs  
of the larger host species. A  sim ilar s tu d y  of body-size relationsh ips betw een 
b ird  lice an d  their hosts has show n th a t feather size is a crucial factor in  
d e te rm in in g  success of lice experim en tally  in tro d u ced  onto new  host taxa 
(D. C layton, pers. comm.).
P relim inary  analyses of in d iv id u a l, sexual, and  ontogenetic v a ria tio n  
in  ha ir d iam eter in  pocket gophers (chapter two) suggest that variation at 
these levels m ay be w ith in  the no rm al range of tolerance for louse ro stra l 
grooves. This pa ttern  w ould explain w h y  a young  pocket gopher does n o t  
"outgrow " its parasites as the gopher increases in  body size (and, thus, h a ir  
d iam eter) ontogenetically. The p a tte rn  also w o u ld  explain w hy male an d  
fem ale pocket gophers, w hich often show  m arked  sexual d im orphism  in  
size (Patton and  Brylski 1987), nevertheless host the sam e species of chew ing 
louse.
M y analyses dem onstrate  a negative  allom etric rela tionship  betw een 
h a ir  d iam eter and  body mass am ong  m am m als w hen  analyzed at m u ltip le
21
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taxonom ic levels. This relationship is e v id e n t in  the fam ily G eom yidae, 
even a t the intraspecific level. These data  also reveal a significant p o sitiv e  
relationship be tw een  hair diam eter of pocket gophers and  ro stra l g roove 
w idth  of their chew ing lice. In fact, I show  a nearly  exact fit be tw een  h a ir  
diam eter an d  groove w id th  for host-parasite  pairs. G iven that lice 
eventually d ie  if rem oved from  their host, it  seem s likely that g roove w id th  
w ould be u n d e r strong selective pressure to conform  to host ha ir d iam ete r. 
If groove w id th  in  lice scales w ith  overall body size, then selection for 
optim al groove w id th  could indirectly constra in  body  size in lice. H ow ever, 
the causal m echan ism  driv ing  the positive relationship  betw een host and  
parasite body size (as originally docum ented  by H arvey and K eym er 1991) 
rem ains un tested . Further studies in vo lv ing  d irect observation of chew ing  
lice transferred  to non-native  hosts m ay elucidate  the causal m e c h a n ism  
underlying the  em pirical observation tha t larger species of pocket gophers 
tend to host larger species of chewing lice.
22
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CHAPTER 2
SPATIAL PA R T IT IO N IN G  OF H O ST HABITAT BY C H EW IN G  LICE OF 
THE G EN ERA  GEOMYDOECUS  AN D TH O M O M YD O E C U S  
(PHTHIRAPTERA: TRICHODECTIDAE)
INTRODUCTION
Ectoparasitic ch ew in g  lice, Geomydoecus  and  T h o m o m y d o e c u s  spp. 
(Phthiraptera: T richodectidae), live their entire lives exclusively  on pocket 
gophers of the ro d en t fam ily  G eom yidae (M arshall 1981; H ellen thal and  
Price 1984). C hew ing  lice are w ingless, obligate parasites th a t can su rv iv e  
only a short tim e w h e n  rem oved  from  their host (Kellogg 1913; M arshall 
1981). One species o f louse  often  is confined to a sing le  species of h o st 
(Em erson and  Price 1981), w hich  suggests a long-term , p e rh ap s obligate, 
association betw een each  host-parasite  pair. In  m any  instances, this long­
term  association has re su lted  in  parallel cladogenesis b e tw een  the pocket 
gopher and chew ing lo u se  lineages. This pa ttern , te rm ed  "cophylogeny," is 
w ell docum ented  for ce rta in  lineages of pocket gophers a n d  the ir associated 
chew ing lice (H afner a n d  N ad le r 1988; Dem astes an d  H afn er 1993; H afner e t 
al. 1994).
A lthough  m o st in d iv id u a l pocket gophers h o st p o p u la tio n s  of a 
single species of louse, th ree  species w ith in  T h o m o m y s  h o s t rep resen ta tives 
of tw o genera of ch ew in g  lice (Geomydoecus  an d  T h o m o m y d o e c u s ;  
H ellenthal and  Price 1984), w ith  species of bo th  genera u su a lly  coexisting o n 
an  ind iv idua l host. T he princip le  of com petitive exclusion  (Gause 1934),
23
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suggests tha t stab le  coexistence of two species o f lice on  an  in d iv id u a l h o s t 
relies on p a rtitio n in g  som e aspect of the resources p rov ided  by the h o s t 
(D urden 1987).
D uring  m y  in itia l studies of chew ing louse  d istribu tion  on pocket 
gophers, I no ticed  th a t guard  hair d iam eter seem s to vary  predictably w ith  
body  region, an d  p e rh a p s  provides a m echanism  for resource partition ing  by 
chew ing lice. Lice a ttach  to gopher hairs by m eans of a head  groove located 
on the rostrum  (Fig. 1.1). Secure a ttachm en t is necessary  for su rv ival of th e  
parasite because o f the  louse 's absolute dependence  on  the host. In chap ter 
one of this d isse rta tio n  I show  a significant p o sitiv e  re la tionsh ip  betw een  
hair d iam eter in  severa l genera of pocket gophers an d  rostral groove w id th  
of their chew ing  lice, an d  I also dem onstrate  th a t the h ead  groove of a lo u se  
is of the ap p ro p ria te  size to grip tightly  onto the h a ir  shaft of its na tu ra l host.
In the p re sen t study, I investigate  h a ir  d iam eter as a p o ten tia l 
m echanism  for resource  partition ing  tha t m ay  re su lt in  stable coexistence 
betw een tw o species of chew ing lice on an  in d iv id u a l pocket gopher. 
Specifically, I te s t the  hypothesis tha t louse species of Geomydoecus  and  
Thomomydoecus  are  able to coexist by p a rtitio n in g  the host's resources 
spatially based  o n  h a ir diam eter.
MATERIALS A N D  M ETHOD S
Three spec im en s of Thomomys bottae connec tens  w ere trapped on  17 
M arch 1997 in  A lbuquerque , Bernadillo C ounty , N ew  Mexico. Two m ales 
and one fem ale w ere  collected w ith  traps designed  by Baker and W illiam s
24
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(1972). Pocket gophers w ere  collected on  a  single day  from  a single locality to 
lim it varia tion  in louse p o p u la tio n  density  caused by w eather patterns, 
reproductive condition of the host, or o ther seasonal o r geographic factors.
Each gopher w as killed by  placing  it in an a ir-tigh t con ta iner sa tu rated  
w ith  chloroform . This p rocess also im m ediately im m obilized  an d  killed the  
resident louse p o pu la tion  of each gopher. The g o p h er w as then  incised 
m edially along the abdom en, and  the entire skin w as rem oved  and  p in n ed  
to a piece of cardboard, w ith  the fu r side down. U nnecessary  m ovem en t of 
the  skin w as avoided  to reduce  accidental displacem ent of the  lice. The sk in  
w as frozen on  a block of dry  ice, then  pressed be tw een  tw o pieces of 
cardboard, w rapped  tightly  in  a lu m in u m  foil and  frozen  in an  u ltraco ld
freezer (-75° C).
W hile frozen, the gopher skin  w as cut in to  10 regions (Fig. 2.1): 
anterior ven tra l, cheek, dorsa l head , lateral nape, lateral, nape, posterio r 
dorsal, posterior ventral, ru m p , an d  ven tral head. Sam ples from  the rig h t 
and  left sides of the body w ere  pooled  for each region, and  each region was 
placed individually  in a p lastic  bag  to avoid loss of lice an d  contam ination by 
lice from  other regions. Each section of the g o p h er pe lt w as b rushed  
vigorously, and  lice w ere collected in  a 1.5-ml cryotube. A du lt lice were th e n  
identified, using  a dissection m icroscope, as either Geomydoecus aurei  o r 
Thomomydoecus minor .  O nly  adu lts were used in  th is analysis because 
v isual identification of ju v en ile  lice is problem atic. Each pelage region was 
m easured  (in cm 2) so th a t the num ber of lice p e r  region  could be
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Figure 2.1. External surface of a pocket gopher showing the d istribution of Geomydoecus and Thomomydoecus lice. 
Darkly shaded regions contained more lice than expected in all three pocket gopher specimens examined (Table 2.1). Lightly 
shaded regions contained m ore lice than expected in 2 of the 3 pocket gopher specimens examined. Unshaded regions 
contained fewer lice than expected in at least 2 of the pocket gopher specimens examined.
s tandard ized  ( l ic e /c m 2). The total surface area (the 10 reg ions com bined) an d  
overall louse d e n s ity  ( lice /cm 2) w ere calculated fo r each o f the three g o p h e r 
specim ens. If o n e  assum es a null m odel of e v en  louse d istribu tion , th e  
expected n u m b e r  of Geomydoecus  an d  T h o m o m y d o e c u s  for each reg io n  
based on  the s ize  of the  region and the m ean  d en sity  for that p a rticu la r 
gopher w as d e te rm in e d . Chi-square analyses w ere  u sed  to test w he ther th e  
observed n u m b ers  of lice w ere significantly d ifferen t from  expected n u m b e rs  
based on an  e v e n  d istribu tion .
Ten g u a rd  ha irs  w ere  taken from  each of th e  10 reg ions from  all th ree  
gophers (chew ing  lice no rm ally  grasp g u a rd  hairs ra th e r  th an  underfur; pers. 
obser.). The h a irs  w ere  m o un ted  on m icroscope slides, and  the m id -p o in t 
d iam eter of each  h a ir  w as m easured  (in ym )  w ith  a ligh t m icroscope fitted  
w ith  an  ocu lar m icrom eter. Analysis of variance (A N O V A ) and a D u n c an  
post-A N O V A  te s t (SAS Institu te  1994) w ere u se d  to detect s ign ifican t 
differences in  m e a n  h a ir d iam eter am ong the ten  reg ions. Specim ens a re  
deposited in  th e  N ew  Mexico M useum  of N a tu ra l H isto ry  (N M M N H  2378, 
2379, and  2380).
RESULTS
M ean h a ir  d iam ete r (pooled data for the  th ree  hosts) varied  f ro m
33.61 ± 1.75 y m  in  the  ru m p  region to 45.22 ± 1.53 y m  in  the la tera l-nape
region (Table 2.1). The D uncan post-AN OVA test iden tified  five groups o f 
regions w ith in  w h ic h  m ean  hair d iam eter w as n o t significantly  d iffe ren t
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(Table 2.1). In general, pocket gopher h a ir w as sm aller in  d iam eter on  th e  
dorsal surfaces a n d  larger in  d iam eter on  la teral a n d  ven tra l surfaces.
The overall m ean  density  of Geomydoecus aurei  (pooled data  for a ll 
three hosts; Table 2.2) w as 0.34 lic e /c m 2 (range 0.28-0.50 lic e /cm 2), a n d  
overall m ean  den sity  for Thomomydoecus minor  w as 0.94 lic e /cm 2 (range 
0.28-1.38 lice /cm 2). C hi-square analysis of louse d is trib u tio n  revealed th a t 
none of the p o p u la tio n s  of e ither species w as d is tribu ted  evenly  over th e  
gopher pelage (all chi-square values exceeded the critical value of 27.88, 
P<0.001, df = 9; Table 2.2).
Ind iv iduals of Geomydoecus aurei w ere fo u n d  in  all 10 regions of th e  
gopher pelage, a lth o u g h  som e regions con ta ined  v ery  few  in d iv id u a ls  (see 
pooled  data, Table 2.2). Likewise, a t least one in d iv id u a l o f 
Thomomydoecus m in o r  occurred in  all reg ions except the do rsa l-head  
region. Geomydoecus aurei occurred  in  g rea ter abundance  than  expected o n  
dorsal and  lateral surfaces of the hosts (Fig. 2.1a), w hereas T h o m o m y d o e c u s  
minor w as found  in  g rea ter abundance th an  expected on  lateral and  v e n tra l  
surfaces (Fig. 2.1b). For Geomydoecus,  the  reg ions of h igh  ab u n d an ce  
(shaded regions in  Fig. 2.1a) com prised on ly  34% of the total surface area of 
the gopher yet con ta ined  78% of all Geomydoecus ind iv idua ls (Table 2.2). In  
contrast, the reg ions of h igh  abundance for T h o m o m y d o e c u s  (shaded  
regions in  Fig. 2.1b), w h ich  also com prised  34% of the total surface area o f 
the gopher, con ta ined  only  55% of all T h o m o m y d o e c u s  in d iv id u a ls .
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Table 2.1. Mean guard hair diam eter (pm) for each of the ten body regions in 
the three pocket gopher specimens examined. The Duncan post-ANOVA test reveals 
five groups (designated A-E) within which mean hair diameter was no t significantly 









Lateral nape 45.22 ± 1.53 A Geomydoecus aurei
Cheek 44.90 ± 1.76 A Geomydoecus aurei
Posterior ventral 42.66 ± 1.28 A B Thomomydoecus minor
Anterior ventral 41.40 ± 1.60 A B Thomomydoecus minor
Lateral 39.53 ± 1.83 B both species
Ventral head 38.72 ± 1.51 B C neither species
Dorsal head 38.31 ± 1.54 B C D neither species
Nape 35.23 ± 1.53 C D E Geomydoecus aurei
Posterior dorsal 34.32 ± 1.67 D E Geomydoecus aurei
Rump 33.61 ± 1.75 E neither species
29
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.2. Total surface area (cm2) of each pelage region (Fig. 2.1) and 
number of observed and expected lice per region for the two coexisting species of 
chewing lice. Data are pooled for the three hosts examined.
Thomomydoecus minor Geomydoecus aurei
Region Area (cm2) Observed Expected Observed Expected
Anterior ventral 58.89 80 59 11 20
Cheek 40.38 2 37 12 14
Dorsal head 35.63 0 35 6 14
Lateral nape 33.01 21 26 29 11
Lateral 56.01 128 50 26 18
Nape 30.01 16 29 14 10
Posterior dorsal 35.25 28 35 62 13
Posterior ventral 67.00 71 62 12 21
Rum p 165.75 153 151 4 54
Ventral head 27.88 17 32 9 10
Total 549.78 516 516 185 185
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Therefore, differences are large in both density and d istribu tion  of the two louse 
taxa (Fig. 2.2).
DISCUSSION
Geomydoecus aurei and  Thomomydoecus minor  are not evenly distributed 
throughout the pelage of their host (Thom om ys bottae) and  show a tendency to 
subdivide the available habitat dorsoventrally (Figs. 2.1, 2.2). Future studies will 
determine w hether this pa ttern  changes geographically, seasonally, or w ith the age 
or reproductive condition of the host. W hen one considers that lice showed the 
same distributional pattern  on the male and female hosts exam ined in this study, 
sex of the host does not appear to influence louse d istribution , at least for non- 
reproductive hosts (as in this study).
Given that both genera of lice were found th ro u g h o u t the gopher pelage 
(with the single exception of the absence of T hom om ydoecus  in the dorsal-head 
region; Table 2.2), it is clear that the taxa are interactive (as defined by Brooks 1980) 
and are able to transit, if not forage and reproduce in, regions of pelage with hairs 
of different diam eters. In fact, regions of high abundance for Geomydoecus aurei  
encompass alm ost the entire range of hair diam eters (from 34.32 y m  to 45.22 y m ,  
Table 2.1). In contrast, regions of high abundance for Thomomydoecus m in o r  
include only regions w ith  hairs of interm ediate d iam eter (from 39.53 y m  to 42.66 
ym,  Table 2.1).
Despite the general dorsoventral trend in hair diam eter (Table 2.1) and a 
similar dorsoventral trend in louse distribution (Table 2.2; Fig. 2.1), the broad 
overlap in hair diam eters used by the tw o species (Table 2.1)
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Regions of pocket gopher
Figure 2.2. Comparative density of lice in the 10 regions of pocket gopher 
pelage. Asterisks indicate regions that contained more lice than expected in all 3 
pocket gopher specimens exam ined (Table 2.1, Fig. 2.1).
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suggests th a t h a ir  d iam eter, alone, is insufficient to explain habitat 
pa rtition ing  in  this louse com m unity . It is possible, how ever, th a t 
T h o m o m y d o e c u s  lice are less efficient than  their com petito rs at grasping 
hairs of extrem ely  large o r sm all d iam eter, yet are su p e rio r com petitors in  
regions of in te rm ed ia te  h a ir  d iam eter. It is also possible th a t the two louse 
species differ in  their ability to evade groom ing p ressu re  from  the host, 
w hich m ay vary  dorsoven tra lly . W aage (1979) suggested tha t areas of 
overlap in the d is tribu tion  of co-occurring ectoparasites m ay  receive greater 
groom ing p ressu re  from  the h o st because of h igher overall density of 
parasites. W aage con tended  th a t rem oval of parasites from  these areas of 
overlap (by groom ing) w o u ld  reinforce spatial p a rtitio n in g  of the  
ectoparasites by rem ov ing  the ability of parasites to cross corridors betw een 
areas of exclusive habitation . H ow ever, m y observations of captive pocket 
gophers suggest tha t they g room  only infrequently , an d  I th in k  it is m ore  
likely tha t the hab ita t pa rtitio n in g  observed in  this s tu d y  results from  
differential responses on  the p a rt of the two louse species to o ther 
m icrohabitat features such  as tem pera tu re  or h u m id ity  g rad ien ts or location 
and  density  of sebaceous g lands of the host (M urray 1957a; 1957b). It seem s 
reasonable to  postu la te  th a t the dorsal and  ven tra l surfaces of a pocket 
gopher constitu te  very  d ifferen t m icrohabitats, and  this hypothesis will be 
exam ined in  fu tu re  studies. In  add ition , fu ture studies of T h o m o m y s  bottae 
populations th a t host only  one of these two species w ill reveal the extent to
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w hich com petition  m ay  be influencing the d is tr ib u tio n  o f these species 
w hen they  coexist.
The fact th a t h a ir  d iam eter m ay have little  of no  in fluence on louse  
distribu tion  a t the  level of the  indiv idual h o st d o es  n o t au tom atica lly  falsify 
the hypothesis th a t ha ir diam eter m ay  be a n  im p o rta n t causal factor 
influencing  louse d is tr ib u tio n  at h igher ph y lo g en e tic  levels, e.g., am o n g  
different species an d  genera of hosts (Reed 1994; Page a n d  H afner 1996). For 
exam ple, I have sh o w n  (chapter one) d ram atic  d ifferences in  ha ir d iam ete r 
am ong d ifferen t genera  of pocket gophers a n d  h a v e  do cu m en ted  a close 
relationship  be tw een  ha ir diam eter in  the h o s ts  a n d  rostral g roove 
dim ensions of th e ir  chew ing  lice. A rtificial tran s fe r  s tu d ies  by Reed and  
H afner (1997) suggest tha t lice that no rm ally  p a ra s itiz e  species of pocket 
gophers w ith  n a rro w  hairs m ay be unable to g rasp  the w id e r hairs of larger 
species of pocket gophers. Finally, studies by M u rra y  (1957a; 1957b) show  
that ha ir d iam eter in  sheep m ay  influence o v ip o s itin g  in  the ir chew ing lice. 
Together, these s tu d ies  suggest that ha ir d iam ete r m ay  be a coarse-grained 
de term inan t of chew ing  louse d istribution , w h e re in  lice are unable to 
transfer betw een h osts  w ith  large differences in  h a ir  d iam ete r (e.g., Reed an d  
H afner 1997), b u t a re  to le ran t of lower levels o f  v a ria tio n , such  as those  
observed a t the in d iv id u a l an d  intraspecific h o st levels. I t follow s that som e 
other, as yet u n k n o w n , en v iro n m en ta l p a ram ete r, p e rh ap s  tem pera tu re  o r 
hum id ity , m ay be th e  fine-grained d e te rm in an t o f  louse  d istribu tion  a t the  
indiv idual an d  in traspecific  ho st levels. If so, d iffe ren tia l responses to these
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factors by d iffe ren t species of lice m ay enable stable coexistence of m u ltip le  
species on  a single h o s t ind iv idual.
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CHAPTER 3
BACTERIAL DIVERSITY IN  CHEW ING LOUSE H O STS 
IN TRO D U CTIO N
T he H osts: Pocket G ophers of the  R o d en t Fam ily G eom yidae
Pocket gophers (Rodentia: G eom yidae) are fossorial roden ts w hose 
geographical range extends from  so u th e rn  C anada th ro u g h  n o rth w e s te rn  
Colom bia. The fam ily consists of six genera and  approxim ately  400 
recognized  species and  subspecies. E vo lu tionary  re la tionsh ips am ong  
genera of pocket gophers are w ell characterized (H afner 1982; H afner and  
N ad ler 1988; 1990; H oneycutt and  W illiam s 1982). These roden ts are 
extrem ely asocial and  live in  iso lation  except d u rin g  brief m atin g  
encounters. Each ind iv idua l gopher occupies an  extensive bu rro w  system  
th a t is p lugged  w ith  soil a t all entrances, and  popu la tions of gophers are 
sm all an d  iso la ted  from  other conspecific popu lations. D ifferent species of 
pocket gophers are rarely  found in  the  sam e region, and  th en  on ly  a long 
n a rro w  zones of parapatry. These n a tu ra l h isto ry  characteristics p re v e n t 
w idesp read  transfer of parasites am ong  ind iv idua ls  in a p o p u la tio n , am ong  
conspecific popu la tions, or am ong species.
T he  Parasites: C hew ing  Lice of the  P h th irap te ran  Fam ily T richodectidae
C hew ing  lice of the genera Geomydoecus  and  T h o m o m y d o e c u s  
(P h th irap tera: Trichodectidae) are restricted  to pocket gopher hosts.
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C hew ing lice are sm all, hem im etabolous insects no greater than  1 m m  in  
length. T hey  feed on skin detritus and  the g landu lar secretions o f pocket 
gophers (M arshall 1981). Trichodectids are  obligate ectoparasites th a t spend  
their en tire  life cycle on the host. The 120 recognized species and  subspecies 
of these tw o genera are partitioned in to  four subgenera and  26 species 
com plexes (H ellen thal and Price 1991; 1994). The m orphological taxonom y  
of trichodectid  lice has been studied  extensively  (e.g., H ellenthal an d  Price 
1984; Price e t al. 1985). The m ost recen t an d  com prehensive system atic 
trea tm en t of trichodectid  lice is tha t of Page e t al. (1995), in  w hich  58 
m orpho log ica l characters from  adults an d  first instars w ere analyzed  
cladistically. The louse phylogeny generated  by Page and his colleagues 
suppo rts  the trad itional species com plexes p roposed  by R. H ellen thal an d  R. 
Price over the  past two decades. This phy logeny  also is consisten t w ith  
m olecu lar-based  louse phylogenies p roposed  by H afner and N adler (1988) 
and  H afner e t al. (1994). Previous studies h av e  show n that these lice exh ib it 
a h igh  degree of host specificity (Patton e t al. 1984; Tim m  1983). Reed an d  
H afner (1997) show ed that chew ing lice can su rv ive  on  non-native  hosts, 
b u t the ir ab ility  to colonize new  hosts d im in ishes as the phy logenetic  
d istance increases betw een the n a tu ra l ho st and  the surrogate  host. 
T ransm ission  of chew ing lice is though t to occur only through d irect host- 
to -host contact (Tim m  1983). H ow ever, D em astes et al. (1998) w ere able to 
show  th a t tran sm iss ion  was not strictly m aternal. The com bination  of low  
parasite  vag ility  and  obligate con tact-transm ission  of lice lim its
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opportun ities for co lon iza tion  of new  host species. T he a fo rem en tio n ed  
life-history characteristics o f pocket gopher hosts fu rth e r  retard  the  
co lonization  o f n ew  hosts by  chew ing  lice. The absence of w idespread  
transfer of lice am ong  gopher species has, in  part, led  to the  pa ttern  of 
cophylogeny as d o cu m en ted  by H afner et al. (1994), an d  resu lts to date 
suggest th a t cospeciation  is com m on  in  this host-pa rasite  assem blage (e.g., 
Dem astes a n d  H afner 1993; H afn er and  N adler 1988; H afn er et al. 1994; Page 
1990b). M ore vagile  species of lice, such  as the  p h th ira p te ra n  lice of a v ia n  
hosts, show  m ore  evidence of host-sw itch ing  an d  less cospeciation (e.g., 
Johnson and  C lay ton  in press) th an  do  trichodectid  chew ing  lice associated 
w ith pocket gophers.
The Endosym bionts: Bacteria
The te rm  sym biosis o rig inates from  the G reek sym  (together) and  bios 
(life). Sm ith  a n d  D ouglas (1987) refined  this de fin ition  an d  restricted  it to 
include on ly  " long-te rm  associations in close p rox im ity ."  The d e fin itio n  
today encom passes in trace llu la r and  ex tracellu lar sym bionts, and  
m utualistic  as w ell as parasitic  rela tionsh ips betw een  sym bion ts. Douglas 
(1989) rev iew ed  the  sym bioses of insects and  bacteria a n d  d e te rm ined  th a t 
approxim ately  10% of k n o w n  insect species co n ta in  non-parasitic  
m icroorganism s. M ore recently , W erren  et al. (1995) estim ated  th a t 17% of 
insect species h a rbo r the bacterium  Wolbachia.  M o d em  m o lecu lar 
techniques a re  d em o n stra tin g  th a t Douglas' (1989) figures w ere vastly  
underestim ated . It is becom ing clear th a t m ost insects h o s t m u ltip le  species
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of m icroo rgan ism s th a t are required for specialized  functions in the host, 
such as p ro d u c tio n  of vitam ins, synthesis o f essentia l am ino  acids, digestion 
of com plex foods, and  developm ent of o ffspring  d u rin g  the in star stage.
P rior to m y  research, endosym biotic bacteria w ere  n o t know n from  
trichodectid lice of pocket gophers. Ries (1931) used  trad itio n a l m icroscopy 
to search for bacterial endosym bionts in  the  chew ing  lice associated w ith  
pocket gophers. H e w as unsuccessful in fin d in g  bacteria, a lthough  this is 
possibly an a rtifac t of the m icroscopy techn iques availab le  a t the time of 
study. Eberle a n d  M cLean (1983) d o cu m en ted  bacterial sym bionts in  
m ycetom es o f the  h u m a n  body louse (Ped.icu.lus). These bacteria m igrate  
from  specialized cells located near the louse m id g u t to lateral oviducts in  
adu lt lice, w h ere  they  are incorporated  in to  the  eggs and passed 
transovarially  to offspring. Saxena and  A garw al (1985) show ed that som e 
bird lice h arbo r endosym biotic bacteria th a t m ay  a id  in  the digestion of 
keratin-based feathers. M y prelim inary  analyses u sing  PCR, cloning, an d  
sequencing revea led  m an y  bacterial taxa associated w ith  trichodectid 
chew ing lice. A lth o u g h  the biological in te rac tion  betw een  these sym bionts 
and the ir host is n o t yet know n, it is likely th a t one or m ore of them  prov ide  
the louse w ith  tissue-degrad ing  enzym es (lice feed on  h o st sk in  detritus) o r 
essential n u trien ts  (D add 1985). N one of the  louse-associated  endosym biotic 
bacteria has b een  cu ltu red  outside of its host.
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Endosym biotic Relationships: Insects and Bacteria
N u m ero u s relationships have been  described betw een in v erteb ra te s  
and  endosym biotic bacteria (Douglas 1989; Ishikaw a 1989; Moran an d  T elang 
1998; N a rd o n  and  G renier 1989; Saffo 1992; for review  see B aum ann an d  
M oran 1997). O ne of the best stud ied  en dosym bion t system s is th a t of the  
gu t-inhab iting  protozoa and  bacteria of term ites (O hkum a and K udo  1996; 
for rev iew  see Brune and  Friedrich 2000). Term ites (R eticuliterm es: 
R h ino term itidae) have an  en larged  h in d g u t (or paunch) that harbo rs a 
com plex assem blage of m icroorganism s (Berchtold e t al. 1994; O hkum a an d  
K udo 1996). This in testinal m icroflora aids in  lignocellulose d igestion , 
m ethanogenesis, n itrogen  fixation, and  the  m ain tenance  of a low  redox 
po ten tia l to p rev en t entry  of foreign bacteria (O hkum a and K udo  1996). 
W asps of the genus Trichogramma  h o st the  cytoplasmically in h e r ite d  
bacterium  Wolbachia  that usually  causes com plete parthenogenesis in  th e  
host (S ch ilthu izen  and  S tou tham er 1997). The in tracellu lar bacteria fo u n d  
in  cockroaches (m ultiple families: Blattaria) are  a m onophyletic su b g ro u p  of 
the Flavobacter-Bacteroides g roup  tha t show s evidence of cophylogeny w ith  
its host (Bandi et al. 1994). A ksoy et al. (1995) found  m ycetom e-associated 
endosym bionts in  tsetse files (Glossina: G lossinidae) that fo rm ed  a 
m onophy le tic  lineage w ith in  the y-3 su b d iv is io n  of the Proteobacteria. 
Suffice it to say tha t a w ide diversity  of bacterial lineages have e v o lv e d  
sym biotic relationships w ith  invertebrates, p a rticu larly  insects.
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The m ost extensive study  of insect-bacterium  sym biosis is th a t of pea 
aph ids (H om optera: A phididae) and  the ir endosym biotic bacteria of th e  
genus Buchnera. U nterm an et al. (1989) sequenced  the 16S rR N A  genes for 
the p rim ary  (p) and  secondary (s) endosym bion ts of aphids and  d e te rm in e d  
that the p-sym bionts were in  the gam m a subgroup  of the Proteobacteria. 
They de term ined  th a t the association betw een  the sym bionts was ancien t, 
perhaps as o ld  as 420 m illion years (Myr). M unson  e t al. (1991) d e te rm in e d  
that the s-sym bionts form ed a m onophyletic  clade in  the Enterobacteriaceae. 
The genus Buchnera w as described for the p -sym bionts of aphids by M u n s o n  
et al. (1991). M oran et al. (1993) com pared  the  phylogenetic h istories of th e  
endosym bionts and  their hosts and  d e te rm in ed  tha t there w as com plete  
congruence betw een  the phylogenies because of a long h isto ry  of 
cospeciation. In addition, M oran e t al. (1993) refined the age of th e  
association to 160-280 Myr based on fossil ev idence of the host. This study  
also p rov ided  the first convincing evidence of rates of m olecular e v o lu tio n  
for bacterial lineages (1-2% sequence d ivergence per Myr). P rev iously , 
O chm an a n d  W ilson (1987) proposed a ra te  o f 0.7-0.8% per Myr, b u t they  h a d  
no fossil evidence on  which to base their calibration.
M unson  et al. (1993) dem onstra ted  th a t the genom e of B uchnera  
closely resem bles tha t of its free-living rela tives (e.g., E. coli) in  size a n d  
com position an d  does no t show  the reduced  genom e characteristics of o th e r  
w ell-know n endosym biotic bacteria (typically non-essential genes are lost in  
endosym biotic bacteria). Subsequent research  by M oran and her colleagues
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
has focused p rim a rily  on  rates of e v o lu tio n  in  Buchnera. For exam ple , 
M oran e t al. (1995) found  that the nuc leo tide  substitu tion  rate w as 36 tim es 
g reater in  Buchnera  th an  in  its aph id  hosts a n d  th a t Buchnera evo lved  twice 
as fast as o ther closely related  bacteria. B rynnel e t al. (1998) investiga ted  rates 
of ev o lu tio n  in  the  t u f  gene of B uchnera  to refine the calib ra tion  of 
nucleotide e v o lu tio n  in  bacterial lineages. A gain , Brynnel an d  colleagues 
found  tha t e v o lu tio n a ry  rates in Buchnera  w ere  faster than  those o f closely 
related bacteria. M ore recently, studies of rates of evo lu tion  have  been  
expanded to p a irs  of closely related sister species outside  the a p h id  system . 
For exam ple, O chm an  e t al. (1999) dem o n stra ted  th a t experim ental e s tim ates  
of rates of bacteria l ev o lu tio n  (based on  labo ra to ry  strains) w ere in  conflict 
w ith  rates e s tim a ted  from  naturally  occurring  bacteria. O chm an e t al. (1999) 
exam ined m an y  lineages of bacteria (sim ultaneously ) and  found  clock-like 
rates of change w h e n  the rates w ere calib rated  w ith  in fo rm ation  from  fossil 
pea aphids.
R elatively  few  ind iv idua l bacteria are  passed  tran sovaria lly  fro m  
female insects to  the ir offspring. This rec u rrin g  bottleneck increases th e  
likelihood of endosym bio tic  bacteria re ta in in g  slightly  d e le te rio u s  
m utations. T his like lihood  is fu rther increased  by low  popu la tion  d en sitie s  
a ttribu ted  to th e  endosym biotic lifestyle an d  the absence of genetic  
recom bination  (Buchnera  have been sh o w n  to have little  or n o  
recom bination  o r h o rizo n ta l gene transfer; M oran  and  B aum ann  1994). 
"M uller's ra tchet" refers to a p h en o m en o n  in  w hich  slightly  d e le te rio u s
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m utations g radually  accum ulate  in  sm all, asexually  rep roducing  
populations. M oran  (1996) described a classic exam ple o f M u lle r 's  ratchet in  
Buchnera  and  used  this p h e n o m e n o n  to explain w h y  B uchnera  species 
evolve m ore rap id ly  th an  closely re la ted  free-liv ing  bacteria. T he 
accum ulation  of slightly  dele terious m u ta tions also w as investiga ted  in the  
ribosom al R N A  of Buchnera  a n d  o ther endosym biotic  bacteria  by Lam bert 
and  M oran (1998). T hey found  tha t accum ulations of these  m u ta tio n s  
destabilized the  secondary  s truc tu re  of ribosom al RNA in  all endosym bion t 
lineages relative to their free-liv ing  relatives. F urther, L am bert and  M oran  
(1998) dem onstra ted  th a t this instab ility  has evolved  separa te ly  in each 
endosym biont lineage an d  thus appears to be a p red ic tab le  resu lt of the  
endosym biotic lifestyle.
B aum ann  e t al. (1995; 1997) stud ied  the obligate n a tu re  of aphid- 
endosym biont associations. They show ed  tha t aph ids trea ted  w ith  antibiotic 
agents grow  m ore  slowly, show  decreased adu lt w eigh t, and  fail to 
reproduce. A ll anim als require  10 essential am ino acids (arg in ine, h istid ine , 
isoleucine, leucine, lysine, m eth io n in e , th reon ine, try p to p h a n , valine, and  
phenylalanine), w hich  are u su a lly  acquired  in  the a n im a l's  na tu ra l diet. 
Douglas and  P rosser (1992) dem onstra ted  th a t try p to p h an  w as lacking in th e  
pea aphid  d ie t b u t was p roduced  for them  by the endosym bio tic  Buchnera. 
M any o ther endosym biotic  bacteria overp roduce  essen tia l am ino acids 
w hich  are lacking in  the host's  d ie t (Dadd 1985; A ksoy 1995). Buchnera  also 
show s o ther features characteristic of the endosym biotic  lifestyle. For
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exam ple, the  B uchnera  genom e contains sing le  copies of genes coding for 
rR N A  (typical of slow  grow ing bacteria) a n d  have  h ig h  levels of GroEL (a 
chaperon invo lved  in  p ro te in  folding) w hich  is com m only  found  a t h ig h  
levels in endosym biotic  bacteria (B aum ann e t al. 1997).
Clearly, N ancy  M oran, Paul and  L inda B aum ann, and  th e ir  
collaborators have p ro v id ed  the scientific c o m m u n ity  w ith  a m odel system  
for the study  of insect-bacterium  endosym bioses. M uch of the w ork  that lies 
ahead  in the gopher-louse-bacterium  system  w ill p ro v id e  in d ep en d en t tests 
of their findings an d  offer additional insigh t in to  the  evo lu tion  of com plex 
endosym biotic re la tionsh ips.
Environmental Sam pling: A Culture-Independent M ethod
The tw o trad itio n a l m ethods for de tection  an d  characterization of 
endosym biotic bacteria—ligh t m icroscopy and  cu ltu rin g —offer little p ro m ise  
in  the gopher-louse system . A prev ious search  using  trad itional lig h t 
m icroscopy failed to find  endosym biotic bacteria in  the trichodectid lice of 
pocket gophers (Ries 1931), and  m ost bacteria k n o w n  today cannot be 
cu ltu red  in  the laboratory . Even if successful, bo th  of these m ethods are  
likely to underestim ate  the bacterial d iversity  found  w ith in  a host.
I used an  a lte rn a tiv e  approach for de tection  an d  characterization of 
endosym biotic bacteria, an  approach know n as e n v iro n m en ta l sam pling . 
This approach uses the  intrinsic pow er of the  Polym erase C hain  R eaction 
(PCR) to am plify  D N A  sequences from  bacteria found  in  an e n v iro n m e n ta l 
sam ple. By extracting an d  selectively am plify ing  the DN A  found  in  a g ram
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of soil, a  m illiliter of seaw ater, or an  en tire  chew ing louse, one can  generate  
b illions of copies of bacterial D N A . This technique has b e e n  used  
extensively  in studies of m icrobial d iv ersity  and evo lu tion  (W oese 1994; for 
rev iew  see Pace 1997), and  it p e rm its  cu ltu re-in d ep en d en t d e tec tio n  an d  
phylogenetic  placem ent of u n k n o w n  bacteria (H ugenholtz e t al. 1998; W ard  
e t al. 1998). Because this m ethod c ircum vents the need  to cu ltu re  bacteria  in  
the laboratory , the investigator is no longer constrained to the  re la tiv e ly  few 
bacterial taxa that are cultivable. A lth o u g h  cu ltu re -in d ep en d en t m eth o d s 
have  broadened  ou r know ledge of bacterial d istribu tion , d iv e rs ity , an d  
evo lu tion , the m ethod  has certain  lim ita tions. For exam ple, se v e ra l s tud ies 
have  show n  that chim eric 16S rRNA sequence artifacts can be fo rm e d  w h e n  
PCR is u sed  to am plify DNA sequences from  m ixed p o p u la tio n s o f  bacteria 
(K om atsoulis and  W aterm an  1997; W ang and W ang 1997). S u z u k i and  
G io v an n o n i (1996) show ed that certa in  bacterial taxa w ere m ore  lik e ly  th a n  
o thers to am plify u n d e r certain PCR conditions, causing a bias in  th e  k inds 
and  relative num bers of bacteria detected . A dditionally, PCR biases can arise  
m erely  as the result of differences in  16S rRN A  gene copy n u m b er (Farrelly 
et al. 1995; Rainey et al. 1996). T anner et al. (1998) su rveyed  n e g a tiv e  D N A  
extraction  procedures and  d o cu m en ted  tha t am bient c o n ta m in a tio n  was 
easily  am plified  d u ring  PCR w ith  the  un iversal bacteria p rim ers  typically 
u sed  in  the cu ltu re-independen t approach . T anner an d  co lleagu res  
cau tioned  that this con tam ination  is unavo idab le  and  re c o m m e n d ed  use of 
negative  controls to identify po ten tia l contam inants. D espite each of these
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legitim ate concerns, the  cu ltu re-in d ep en d en t sam p lin g  technique h o ld s 
great p rom ise  for d o cu m en tin g  the large n u m b er of undescribed  bacterial 
taxa found  in  env ironm en ta l sam ples (Pace 1997).
This s tudy  u sed  the  en v iro n m en ta l sam p ling  app roach  to su rv ey  
chew ing lice for endosym bio tic  bacteria. C hew ing  lice (G eom ydoecus) w ere 
collected from  eigh t species of pocket gophers in  four genera  (Cratogeomys , 
Geomys, O rthogeom ys,  an d  T hom om ys) .  Because D N A  extractions from  
these specim ens co n ta in ed  DN A  from  bo th  chew ing  lice and  bacteria, 
p rim ers specific to bacterial 16S rRNA sequences w ere u sed  to p referen tia lly  
am plify bacterial D N A . C loning  and  cycle sequenc ing  generated  D N A  
sequences for the p u ta tiv e  bacterial endosym bionts. T hese w ere com pared  
to know n bacterial D N A  sequences to iden tify  the u n k n o w n  bacteria. 
MATERIALS A N D  M ETH O D S 
C ollection o f Specim ens
C hew ing  louse sam ples w ere collected from  their pocket 
gopher hosts by eu th a n iz in g  the gopher w ith  ch lo ro fo rm  in an a irtig h t 
canister an d  then  b ru sh in g  the  fur v igorously . A ll ectoparasites w ere 
collected on  a lu m in u m  foil beneath  the pocket g o p h e r host. The louse 
sam ples w ere  stored  in  liqu id  nitrogen, transferred  to the  laboratory, and  
deposited  in  the LSU M useum  of N atu ra l Science C ollection  of Genetic 
Resources. The fo llow ing  lice w ere collected: G eom ydoecus o k la h o m en s is  
from  Geomys bursarius halli (host num ber LSUMZ 31463); and  G. b. m ajor  
(LSUMZ 31448); G eom ydoecus scleritus from  G eom ys p ine tus ;
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G eom ydoecus expansus  from  Cratogeomys castanops (LSUMZ 31455); 
G eom ydoecus p anam ensis  from  Orthogeomys cavator (LSUMZ 29253); 
G eom ydoecus setzeri  from  O. cherriei  (LSUMZ 29539); G eom ydoecus  
costaricensis from  O. heterodus (LSUM Z 29501); G eom ydoecus chapini f ro m  
O. h isp id us  (LSUMZ 29232); G eom ydoecus setzeri  from  O. un d e rw o o d i  
(LSUMZ 29493); and  G eom ydoecus centralis from  Thojjiom ys bottae  
(LSUMZ 29569).
Extraction Protocol
A d u lt chew ing  lice w ere  w ash ed  twice in  a so lu tion  of 400/d sa lin e  
EDTA buffer (contain ing  150mM  N aC l, lOmM  EDTA, pH=8.0), 10/d of 25% 
SDS (sod ium  dodecyl sulfate), an d  5/d of lO m g /m l lysozym e to re m o v e  
bacteria from  the ou ter surfaces. The lice w ere  then  placed in 1.5m l 
m icrocen trifuge  tubes along  w ith  400/d of saline EDTA buffer, and  5/tl 
lysozym e (lO m g/m l) and  w ere  c ru shed  w ith  sterile m icropestles. T w o 
negative contro ls w ere  also used ; one contained  all the reagents used in  th e  
D N A  extraction  process an d  the  o th er con ta ined  the sam e reagents p lu s  a 
m icropestle  to in su re  th a t n o th in g  w as con tam inated  w ith  bacteria. T h e
extraction so lu tion  w as incubated  a t 37°C for 30 m inutes. Five m icroliters o f
pro teinase-K  (15m g/m l) an d  10/d of SDS (25%) w ere  added , and  the so lu tio n
w as incubated  a t 55°C for 30 m inutes.
G enom ic D N A  w as extracted by add ing  400/d of p h e n o l/ch lo ro fo rm , 
vortexing , a n d  sp inn ing  in  a m icrocentrifuge for tw o m inu tes at 14,000 rp m . 
The su p e rn a ta n t, w hich  con ta ined  the  extracted  DNA, was carefully
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rem oved , and  the extraction p ro ced u re  w as repeated  tw o m ore  tim es. O ne 
m illiliter of 95% e th an o l (EtOH) w as added, and  the so lu tion  w as incubated  
on  ice for 24 hours to p recip itate  the  DNA. C entrifugation  a t 14,000 rp m  for 
20 m in u tes  concentrated  the D N A  into  a pellet. The EtOH w as decanted, 
and  the m icrocentrifuge tubes w ere  d ried  in a vacuum  cen trifuge for 15 
m inutes. The resu lting  pellets w ere  resuspended  in 50/d of TE buffer. 
Polym erase C ha in  R eaction
The polym erase chain reaction  w as used to am plify  copies of bacterial 
16S rR N A  from  genom ic D N A . A m plifications w ere p e rfo rm ed  u sin g  
p rim ers 27-f (5'-GAG TTT GAT CCT GGC TCA G-3') and  1525-r (5'-AGA 
AAG GAG GTG ATC CAG 0 0 -3 ')  w h ich  were designed for th e ir  ability to 
annea l to m any types of bacteria. G enom ic DNA (2 /d), 3/d of each p r im e r  
(10/tM), 3/d of deoxynucleoside-triphosphate  (dNTP) m ix ture  (dATP, dGTP, 
dCTP, an d  dTTP, each 1/iM), 3/d  of M gCl2 (25mM), and  1 u n it o f Taq D N A  
polym erase w ere com bined in  a  50/d PCR reaction. N egative PCR con tro ls, 
w hich  contained  n o  DNA tem plate , w ere used to test for co n tam in a tio n  of 
the PCR reagents. Thirty-five th e rm al cycles w ere perfo rm ed , each w ith  a 1 
m in u te  d en a tu ra tio n  period  of 94°C, a 1 m inu te  annea ling  p eriod  of 56°C, 
fo llow ed by a 1 m in u te  ex tension  period  of 72°C. A fter 35 cycles, a sing le
extension  tim e of 10 m inu tes a t 72°C was used to facilitate po lym erase
activity an d  ex tend  PCR products. A m plification products w ere  v isu a lized  
w ith  e th id iu m  b rom ide  after e lectrophoresis in a 1% agarose gel. S am ples 
w ere e lectrophoresed  adjacent to  a D N A  ladder to de te rm ine  the  fragm en t
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
size of the am plified  DN A. Reactions con ta in ing  fragm ents of th e  
appropria te  size (ca. 1,530 base pairs "bp") w ere cleaned w ith  Qiaquick™ sp in
colum n PCR pu rifica tion  kits (Qiagen®, V alencia, CA) as prescribed by th e  
m an u fac tu re r.
Cloning
C leaned PCR fragm ents w ere ligated in to  pCR®4-TOPO® p lasm id
vectors (Invitrogen®  TOPO TA Cloning® Kit for Sequencing , Carlsbad, CA). 
Ligations w ere  perfo rm ed  a t room  tem p era tu re  w ith  topoisom erase as 
prescribed by  the  m anufactu rer. Ligated p lasm ids co n ta in in g  PCR fragm en t 
inserts w ere tran sfo rm ed  in to  TOPIO O ne Shot® co m p e ten t £. coli cells as 
prescribed by  the m anufacturer. They w ere incubated  a t 37°C for 30 m in u te s  
and p la ted  in  50/zl, 100/d, and  250/d aliquots onto  am p ic illin -res is tan t 
(50/ig/m l) L uria b ro th  (LB) agar plates. The plates w ere incubated  o v e rn ig h t 
at 37°C. Bacterial colonies were picked the next d ay  based on e ith e r 
b lu e /w h ite  screen ing  or p resence/absence screen ing  for clones th a t 
contained a p lasm id  insert. Positive clones w ere collected and  transferred to 
5ml cu ltu re  tubes con ta in ing  LB b ro th  and  5 0 /ig /m l am picillin. T he  
cultures w ere shaken  overn igh t at 37°C.
Two m ethods w ere used  to isolate cloned p lasm id  DNA from  th e  
genom ic DN A  of £. coli. The first m ethod  used  S.N .A.P. m ini-prep kits
(Invitrogen®, Carlsbad, CA) to separate p lasm id  DNA from  £. coli genom ic
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DNA by cen trifuga tion . The second m e th o d  em ployed  an  add itional PCR 
step using  p rim ers  located in the p lasm id  (M13f: 5 '-G TA  AAA CGA CGG 
CCA G-3' an d  M13r: 5'-CAG GAA ACA GCT ATG AC-3'). These p rim ers 
flanked the D N A  tem pla te  insertion  site an d  m atched  the  p lasm id  sequence 
exactly. Both p ro ced u res  produced  h igh qua lity  PCR fragm ents.
Cycle S equencing  a n d  BLAST Searches
Cycle sequenc ing  w as perfo rm ed  on  cloned p la sm id  vectors after 
m in i-p repara tions o r after ream plification  w ith  p la sm id  prim ers. B oth  
procedures g en era ted  h igh ly  accurate a n d  u n a m b ig u o u s  D N A  sequences.
Cycle sequencing  w as perform ed by  using  the  ABI PRISM™ Big Dye™ kit (PE 
A pplied Biosystem s, Foster City, CA) as p rescribed  by  the m an u fac tu re r, w ith  
the follow ing exceptions. The "ready reaction  mix" p ro v id ed  in  the kit w as 
d ilu ted  w ith  2.5X sequencing  buffer (200mM Tris, 5m M  M gC l2, pH=9.0). T he  
reactions con ta ined  2/zl "ready reaction mix" (n o t the p rescribed  8/d), 2.8/d o f 
sequencing buffer (2.5X), 3.2/d of p rim er (.5/iM), an d  2/d of D N A  tem plate. 
The therm al cycling  pro tocol consisted of a d e n a tu ra tio n  phase  of 96° for 10 
sec, follow ed by  an  annea ling  phase of 48-50° for 5 sec, follow ed by a n  
extension p hase  of 60° for 4 m in. The cycling pro tocol w as repeated  a total o f
25 times. This sy stem  uses dye-labeled term ina to rs th a t fluoresce upo n  laser 
contact d u rin g  electrophoresis on  an ABI 377-XL au to m ated  sequencer.
Two p lasm id  p rim ers (M13f an d  M13r) an d  four in te rn a l 16S rR N A  
prim ers (536f: 5'-CAG CMG CCG CGG TAA TW C-3', 1114f: 5'-GCA ACG
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AGC GCA ACC C-3', 519r: 5'-GW A TTA CCG CGG CKG CTG-3', and  960r: 5'- 
GCT TGT GCG GGY CCC CG-3') w ere used. Cycle sequencing  products w ere  
cleaned w ith  the e th a n o l/so d iu m  acetate p rocedu re  ou tlined  in  the ABI Big
Dye m a n u a l. A u tom ated  D N A  sequencing  w as perfo rm ed  w ith  an ABI™ 
377-XL D N A  Sequencer and  p ro v id ed  sequences approx im ate ly  700 bp in  
leng th .
Sequencing reactions u sing  prim ers M 13f and  M 13r generated  
approxim ately  1,000 bp of the 16S rR N A  gene (base pairs 1-500 and 1,050- 
1,550). These fragm ents w ere  com pared  to the  N ational C enter for 
B iotechnology In fo rm ation  database (Genbank) by using  BLAST searches. 
C om plete 16S rRN A  sequences (-1,550 bp) w ere  requ ired  for phylogenetic  
study  of several bacterial lineages. Therefore, som e clones w ere sequenced 
in bo th  forw ard and reverse d irections by using  the  6 p rim ers listed above.
The com puter p ro g ram  Sequencher® 3.1 (Gene C odes C orporation, A n n
A rbor, MI) was used to proofread  and  jo in  con tiguous fragm ents of D N A  
sequence into a single consensus sequence for each cloned sam ple . 
C om pletely  sequenced clones w ith  sim ilar iden tifications could  then  be 
aligned w ith  Sequencher 3.1. D ivergent sequences w ere  a ligned by u sin g  
ClustalX (Thom pson e t al. 1997).
BLAST searches w ere used  to query  G enB ank (NCBI N ationa l C en ter 
for B iotechnology In fo rm ation , h ttp ://w w w .n c b i.n lm .n ih .g o v ) for D N A  
sequences that show ed  h igh  sequence sim ilarity  to the  u n k n o w n  bacterial 
DNA sequences am plified  from  chew ing louse extractions. The results w ere
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re tu rn ed  v ia  e-m ail or directly o v e r the W orld W ide Web. T he u n k n o w n  
and k n o w n  sequences (called h igh -sco ring  segm ent pairs, o r HSPs) are 
aligned a n d  com pared statistically a t NCBI. The d istribu tion  of a ran d o m ly  
chosen se t of HSPs follows a Po isson  distribution. The BLAST a lg o rith m  
uses this d istribu tion  to de te rm ine  the probability associated w ith  the  
sim ilarity  betw een HSPs. The BLAST program  reports both  probability 
values (P-values) and  scaled E -values, the latter being easier to in terp ret. 
The E -value decreases as sequence sim ilarity  increases. For exam ple, E- 
values of 5 and  10 have co rrespond ing  P-values of 0.993 an d  0.99995. 
H ow ever, w hen  E < 0.01, P -values and  E-value are nearly  identical. T he 
BLAST p rog ram  ranks and  lists all HSPs by E-values. The top BLAST resu lt 
(if significant at E < 0.01) w as u sed  as tem porary  iden tification  for the  
unknow n  bacterium  until fu rth e r s tu d y  could reveal its accurate taxonom ic 
placem ent. The BLAST p rogram  also provides pairw ise alignm ents of HSPs, 
values of percen t sequence sim ilarity , and  inform ation regard ing  gaps in the  
alignm ent of the two sequences.
RESULTS
BLAST searches of 339 16S rR N A  sequences (-500 bp each) iden tified  
35 lineages of bacteria in eight d iv e rg en t groups of the dom ain  Eubacteria 
(Table 3.1). M any of the searches found  no significantly sim ila r D N A  
sequences in  GenBank and  thus, are  n o t listed in Table 3.1 (n=112/339). 
These could  represen t PCR artifacts, chim eric sequences o f m u ltip le  
organism s (K om atsoulis and  W aterm an  1997; Robison-Cox e t al. 1995;
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Table 3.1. Bacteria associated w ith  chew ing  lice id e n tif ie d  to the lev e l 
of genus b y  m eans of BLAST searches o f GenBank.
Types of Bacteria Genus H abitat
Thermus/Deinococcus group
•  T herm us g ro u p
Proteobacteria
•  A lp h a  P ro te o b a c te r ia  
R h iz o b ia c e a e
R h o d o s p i r i l l a c e a e
S p h in g o m o n a s  g ro u p
•  B eta P ro te o b a c te r ia
B u rk h o ld e r ia  g r o u p
C o m a m o n a d a c e a e
A lc a l ig e n a c e a e
R h o d o c y c lu s
U ltra m ic ro b a c te r iu m  g ro u p
G a m m a  P ro te o b a c te r ia  
P su e d o m o n a s  g ro u p
M e io th e rm u s
Ensifer
M e th y lo b a c te r iu m
P h a e o s p ir i l lu m
R h o d o s p ir i l lu m
S p h in g o m o n a s
B u r k h o ld e r ia
R h izo b a c te r iu m
A c id o v o ra x
L e p to th r ix
A lc a l ig e n e s
P l a n t s
A ir  c o n d i t io n in g  u n its
D e a d . S e a  
H o t  s p r in g s  
W a s t e  w a te r  
S o il a n d  s a l t  m a rs h  
P l a n t  ro o ts  
S o i l
R iv e r  s e d im e n ts
S o il O E u ro p e  &  Ja p a n )
C y s t i c  F ib ro s is  p a tie n ts
R o t t i n g  b a r k
P la n t  ro o ts
B lo o d  c u l tu re s
S o i l
P l a n t  ro o ts  
S o i l
A c t iv a t e d  s lu d g e  
A c t iv a t e d  s lu d g e  
W h i r l p o o l  b a th s  
B o n e  m a r r o w  
C e r e b r o s p in a l  f lu id  
S o i l
A c t iv a t e d  s lu d g e  
P l a n t s
A zoarcus
U ltram icrobacter ium
Pseudomonas P la n t  ro o ts
O il  d e g r e d a t i o n
S o i l
M u s h ro o m s  
A c t iv a t e d  s lu d g e  
G r o u n d w a te r  sou rces
(table cont.)
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Types of Bacteria Genus Habitat
•  G a m m a  P ro te o b a c te r ia  (co n t.)
P su e d o m o n a s  g ro u p  (c o n t) A cinetobactev C e r e b r o s p in a l  f lu id  
B lo o d , u r in e , p u s  
N o s e ,  th r o a t ,  v a g in a  
M o u se  sk in  
S o i l
A c t iv a te d  s lu d g e  
S e a w a t e r
L e g io n e l la c e a e Leg ionella H o s p i t a l  p a t ie n ts
X a n th o m o n a s  g ro u p X a n th o m o n a s H o s p i t a l  r e s p i r a to r  
H u m a n  u r in e  
V a r io u s  p la n ts
• D e lta  P ro te o b a c te r ia
D e su lfu ro m o n a s  g ro u p Geobacter S o i l
F irm ic u te s
•  A c tin o b a c te r ia
A c tin o m y c e ta le s B rev ib a c ter iu m O il  d e g r e d a t io n  
C h e e s e  p ro d u c t io n
Gordonia S o i l
A q u a t ic  s e d im e n ts  
B io f i l te r s  (w a s te  t r e a tm e n t)
Janibacter —
K ita sa to sp o ra —
Micrococcus S o i l
O i l  d e g r e d a t io n  
S k in
Nocardioides P la n t s
S o i l
S e a w a t e r
C o n ta m in a te d  g ro u n d  w a te r
Propionibacterium S k in
S w is s  c h e e s e
• B a c i l lu s /C lo s tr id iu m  g ro u p
B a c i l lu s /S ta p h ,  g r o u p F a ck la m ia B lo o d , u r in e ,  etc. 
P o w d e r e d  tobacco  (snuff)
Staphylococcus S k in
H y m e n o p te r a  in  a m b e r
C lo s t r id ia c e a e Peptostreptococcus H u m a n  g u t  m icrobe
S tre p to c o c c a c e a e Streptococcaceae T h r o a t ,  v a g in a  
V e r te b r a te  lu n g s  
A v ia n  c ro p
V e rru c o m ic ro b ia
•  V e rru c o m ic ro b ia le s
V e rru c o m ic ro b ia c e a e Verrucomicrobium —
P la n c to m y c e ta le s Planctomyces S p o n g e
U n d e s c r ib e d  E u b a c te r ia U n d e s c r ib e d  tax a V a r io u s  h a b i ta t s
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Suzuki and  G iovannoni 1996; W ang and W ang 1997), sequences for species 
of bacteria n o t yet archived in  GenBank, or fragm ents th a t failed to sequence 
correctly. Som e searches fo u n d  significantly sim ilar sequences in  G enB ank 
th a t w ere them selves labeled "unknow n" (e.g., "u n k n o w n  E ubacterium " 
and  "unknow n Proteobacterium "). These "unknow n" sequences rep resen t 
species tha t have yet to be described. The louse-associated sequences often 
show ed h igh  sequence s im ila rity  w ith  the "unknow n" sequences in  
G enB ank.
Table 3.2 show s pocket gopher and  chew ing louse hosts, the ir general 
collection locality, and  the n u m b er and type of bacteria  found  in D N A  
extracts from  chew ing lice. M any  of the 23 lineages of bacteria th a t w ere 
found  in  only  one or tw o louse  species (e.g., A cidovorax , Brevibacterium , 
and  Ensifer) likely represen t tran s ien t bacteria acquired th ro u g h  the  louse 
diet. Tw elve bacterial lineages (Table 3.2) w ere found  in  th ree  or m ore  
species of chew ing lice and  w a rran t fu rther investigation . H ow ever the  
"unknow n  Proteobacterium " and  "unknow n E ubacterium " categories 
(Table 3.2) likely contain  severa l d istantly  related  species of bacteria and  
cannot be considered  single "lineages." Six lineages (e.g., Alcaligenes, 
Azoarcus, Burkholderia , M ethylobacterium , P ropionibacterium ,  and  
Staphylococcus) w ere  found  in  four or m ore D N A  extracts from  chew ing 
lice. Staphylococcus-like  clones h a d  the highest p revalence and  w ere found  
in  seven of e igh t louse species (Table 3.2). M any Staphylococcus spp. are 
skin-associated bacteria (Table 3.1) so it is n o t su rp ris in g  to find th em
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Table 3.2. Endosymbiotic bacteria identified from nine taxa of chewing lice by means of environmental extraction, 















































Acidovorax 1 1 1
Aciin'tobacler 5 8 1 14 3
Alcaligenes 1 1 2 3 7 4
Azoarcus 9 1 7 3 20 4
Brcvibacterium 1 1 1
Burkholderia 4 2 5 9 1 1 22 6
Ensifer 1 1 1
Facklamia 1 1 1
Geobacter 1 1 1
Gardania 2 2 1
Janibacter 3 1 4 2
Kilasalosporia 1 1 1
Legionella 1 1 1
Leplothrix 1 3 2 6 3


















M elhylobacterium l 3 1
M ciallienmis 1
Micrococcus 1
O c h ro M u m 1









Staphylococcus 16 4 2
Strqitococcus 2 1
llllramicrolHictcrium 1




Bacterial Types 18 17 8 9
Total Clones 
Examined 77 78 16 35
Identifiable











































48 46 29 329
45 21 24 227
associated with insects that feed on skin detritus. Representatives of three bacterial 
genera were found in five {Burkholderia) or six {M ethy lob ac ter ium ,  and 
Propionibacterium) species of chewing lice. Some species of B urkholderia  and 
Methylobacterium are known plant associates (Table 3.1), so the clones found in the 
chewing louse samples could be transient bacteria ingested by the lice. Bacteria 
associated with plants (especially roots) are likely to come in contact with lice that live 
in the fur of subterranean, herbivorous rodents. Species in the genera Acinetobacter, 
Legionella, Pseudomonas, and Xanthomonas are closely related members of the gamma 
subgroup of the Proteobacteria. Many of the endosymbiotic bacteria of insects are 
found in this subgroup of Proteobacteria.
One species of chewing louse {Geomydoecus expansus) hosted eight of the most 
common types of bacteria (Table 3.2). The absence of one of the common bacterial 
species {A zoarcus)  in G . expansus  may represent incomplete taxon sampling. 
Geomydoecus centralis and Thomomydoecus minor (collected from Thomomys bottae) 
hosted a combined total of only six types of bacteria. The predominance of only a few 
species could be caused by PCR bias, local extinction of other bacteria, or incomplete 




Ribosomal DNA sequences from 35 types of bacteria were amplified and 
sequenced from DNA extracted from chewing louse samples. Certain types of bacteria
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could be found in most of the chewing louse hosts, whereas others were found only in a 
single host (Table 3.2). Bacteria detected in only a few hosts could, in fact, be 
associated with all eight louse species but may have been missed in my study due to 
incomplete taxon sampling. This is a likely possibility, considering that approach was 
intentionally wide in scope and relatively shallow in depth. An exhaustive survey, 
including the sequencing of more clones from each DNA extraction, might help to 
reduce taxon sampling bias. To test this, I plotted the number of different types of 
bacteria found in my study against the total number of clones sequenced, which varied 
from one chewing louse extraction to another (Fig. 3.1). Although Figure 3.1 shows 
that more taxa are detected when more clones are sequenced, the low slope of the line 
(a  = 0.1844) indicates that the discovery of additional taxa will require examination of 
very large numbers of additional clones. If I had sampled all of the chewing louse 
extracts exhaustively, then the number of bacterial taxa detected would have had no 
relationship with the number of clones sequenced. This pattern clearly demonstrates 
that the sampling effort in this study did not detect all of the bacterial lineages in 
chewing louse samples. I used rarefaction curves to obtain rough estimates of the total 
number of clones required to adequately sample bacterial taxa in two chewing louse 
hosts. The rarefaction curves tally the number of new taxa of bacteria detected (Y-axis) 
as one increases the number of clones examined (X-axis). For example, if a sampling
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Total Number of Clones Sequenced
Figure 3.1. Regression of the number of types of bacteria found as a function of 
the total number of clones sequenced for each of the seven gopher-louse host pairs 
listed in Table 3.2.
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effort o f 77 (Fig. 3.2) o r 78 (Fig. 3.3) clones was sufficient to detect all (or nearly all) 
bacterial lineages found in association with a chew ing louse host, one w ould expect to 
see rarefaction curves in Figs. 3.2 and 3.3 gradually becom e asym ptotic to some value 
on the Y -axis. H ow ever, Figs. 3.2 and 3.3 instead show  that new  bacteria  are being 
de tec ted  even  as the last few clones are sequenced . It w ould  appear that m any 
additional clones w ill need  to be exam ined before conclud ing  that I have an adequate 
representation o f the bacterial community associated w ith chew ing lice.
Polymerase Chain Reaction Bias
It is im portant to note that the presence o f certain  bacteria  in an experim ental 
extraction m ay affect the ability to amplify the DN A  o f  o ther bacteria. It is not possible 
to assess bacterial species abundance by m erely counting  the num ber o f clones o f  a 
particular bacterium  because it has been shown that bacterial D N A  sequences occurring 
in low  abundance in an extract can am plify m ore rapidly  than m ore abundant D N A  
sequences if  the PC R  conditions are better suited to the ra re r sequence (Suzuki and 
G iovannoni 1996). Inform ation on presence o r absence o f bacteria  am plified from  
m ixed-tem plate  PC R  m ay be biased in the sam e way. A lthough use o f  prim ers from  
conserved  regions o f the 16S rRNA perm its studies o f  bacterial diversity , conserved 
prim ers also introduce biases. I suggest that in future studies, conserved primers should 
be used initially to detect and identify novel types o f bacteria. H ow ever, after the initial
61
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30
Total Number of Clones Sequenced
Figure 3.2. Rarefaction curve show ing the number o f clones identified  from  
G eom ydoecus expansus compared to the total num ber o f clones surveyed.
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Total Number of Clones Sequenced
Figure 3.3. Rarefaction curve show ing the num ber of clones identified from  
G eom ydoecus geomydis compared to the total num ber o f clones surveyed.
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survey, primers specific to target bacterial taxa should be used, especially if the 
researcher intends to search for those bacteria in multiple hosts. This procedure may 
help to avoid some of the problems associated with mixed-template PCR.
The Ubiquity of Bacteria
Of the 35 types of bacteria found in this study, eight are known to occur in 
association with plants and 12 have been recovered from soil samples (Table 3.1). 
Many species of bacteria are thought to be ubiquitous species worldwide. Six genera 
detected in chewing louse extracts (Acinetobacter, Acidovorax, Alcaligenes, 
Comamonas, Leptothrix, and Pseudomonas) also were found in a study of activated 
sludge from a waste water treatment plant. Other bacteria amplified from chewing lice 
have been detected in seawater, deep sea sediments (including the Marianas trench), hot 
springs, and desert soils. Considering this remarkable diversity of habitats, it is 
reasonable to assume that certain species of bacteria detected in this study may be 
geographically widespread, if not ubiquitous. The fact that many of these 
geographically and ecologically distinct organisms have nearly identical 16S rDNA 
sequences is even more remarkable. Perhaps the best evidence of ubiquity in bacteria is 
reviewed by Staley and Gosink (1999). They are interested in psychrophilic, free-living 
bacteria that inhabit polar sea ice. These bacteria live on opposite poles of the earth and 
cannot live in the intervening warm tropical waters. Despite the lack of an apparent 
means of genetic exchange, their results suggest that there has been recent gene flow
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betw een the tw o po lar ice cap populations o f bacteria. In short, w e know  that som e 
species o f  b ac te ria  show  evidence o f  gene flow  over incredib le d istances, w hereas 
others (e.g., the endosym biotic Buchnera  associated with pea aphids) have virtually no 
m eans o f genetic  exchange over com paratively short distances.
The Endosymbionts of Trichodectid Chewing Lice
I have docum ented that there are at least 35 lineages o f  bacteria  associated with 
the pocket gopher and chew ing louse system. H owever, m any o f  these are likely soil 
and p lan t m icrobes that are transients ingested by chew ing lice. Som e may be skin 
bacteria  associated  with the louse's m am m alian host, w hereas o thers m ay be a  part o f  
the natural g u t flo ra  o f the chewing louse. W hether any o f  these bacteria  are truly 
endosym biotic—as are those found in mycetomes o f  other insects—rem ains untested. To 
docum ent tha t bacteria are truly endosym biotic, one must: 1) find the  endosym biont in 
every  host; 2) fail to find  the endosym biont in the en v iro n m en t as a  free-liv ing  
bacterium ; 3) use in situ  hybridization to probe the host for D N A  sequences unique to 
the putative endosym biont to docum ent that it is living w ithin the host; 4) rem ove the 
endosy m b io n t and docum ent negative effects on the host; and  5) re -in fec t these 
bacteria-free hosts with the endosym biont and show  reversal o f  the  negative effects;. 
These tests w ill docum ent that the sym biont resides in the host and is an integral part o f 
the hosts existence.
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It is beyond  the scope of th is d issertation  to de te rm ine  w h e th e r  the  35 
lineages of bacteria fo u n d  in  chew ing lice are, indeed , true  en d o sy m b io n ts . 
H ow ever, an  evaluation  of bacterial sequence sim ilarity  and  phy logeny  m ay  
be u sed  to infer endosym biosis. For exam ple, if a  lineage of bacteria  sh o w s 
phylogenetic s tru c tu rin g  th a t m atches th a t of its host, the m ost p robable  
cause is cospeciation. Cospeciation, in  tu rn , suggests a long  h is to ry  of 
association betw een  the  bacteria and  its host. In  the  p resen t s tudy , it is 
possible tha t a lineage of bacteria found  in  chew ing  lice is actually  
cospeciating w ith  the pocket gopher an d  is only  a tran sien t in  the g u t  of th e  
louse. It is conceivable th a t one of the  skin-associated bacteria o f pocket 
gophers has cospeciated w ith  its host. If so, this bacterial lineage  likely  
w ould  show  evidence of cophylogeny w ith  the chew ing louse lineage, g iv e n  
that chew ing lice are  k n o w n  to have cospeciated w ith  their pocket g o p h e r 
hosts (H afher e t al. 1994) as well. In an  effort to de te rm ine  w h e th e r  any  o f 
the above lineages show  evidence of cospeciation, I sequenced  the  en tire  16S 
rRNA gene for clones iden tified  as Acinetobacter, Legionella, P seu d o m o n a s ,  
Staphylococcus, a n d  X a n th o m o n a s  (chapter 5). These species w ere  selected 
for the in itial analysis because Staphylococcus w as detected in  a w ide  
diversity  of hosts (Table 3.2), and  the o ther lineages are p a rt of the  g a m m a  
subgroup of Proteobacteria tha t contains m any  endosym bio tic  bacteria. 
Several o ther lineages detected  in  chew ing lice also w a rran t fu rth e r  s tu d y  
(e.g., Burkholderia an d  Propionibacterium), b u t  w ere  n o t in v es tig a ted  here .
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4
BACTERIAL DIVERSITY IN CHEWING LOUSE EGGS
INTRODUCTION
M ost insects host in ternal bacteria, som e of w hich  are tran s ien t 
visitors, w hereas o thers are long-term  endosym bionts. T here are n u m e ro u s  
w ell-described insect-bacteria associations in  w h ich  the endosym biotic 
bacteria are req u ired  for the su rv ival of their h o st (D ouglas 1989). Pea 
aphids, for exam ple, require  an  endosym biotic  b ac te riu m  (Buchner a) to 
reproduce, and  they  fail to produce offspring if they  are treated w ith  
antibiotics th a t kill their endosym bionts (Douglas 1989; Ishikaw a 1989). 
Term ites m u st h av e  a large assem blage of m icroo rgan ism s to aid in the  
digestion of cellulose (Douglas, 1989). It is often crucial for insects to h a v e  
the required  com plem en t of endosym bionts im m ed ia te ly  u p o n  em erg ing  
from  the egg (e.g., w hen  the bacteria p rov ide  essen tia l nu trien ts). T hus, 
bacteria are transm itted  transovarially in  pea aph id s (D ouglas 1989; Ishikaw a 
1989), tsetse flies (A ksoy e t al. 1997), h y d ro th e rm al v e n t invertebrates (Cary 
et al. 1993), cockroaches (Sacchi et al. 1988), leafhoppers (Purcell et al. 1986), 
hum an  body lice (Eberle an d  McLean 1983), P h th irap te ra n  b ird  lice (Saxena 
and A garw al 1985), and  m any  other invertebrates. In  som e insects (e.g. 
cockroaches, ants, an d  certain  beetles) the endosym bionts m igrate  to the h o st 
ovarioles w here  they  coat the outer surface of d ev e lo p in g  eggs. Som e
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hatching  insects ea t th e ir ow n egg case as a source of energy  and  thus, are 
inoculated w ith  necessary  m icroorganism s (D ouglas 1989). In o ther insects, 
the endosym bionts m ig ra te  to reproductive s tru c tu res  an d  actually  becom e 
incorporated inside the  develop ing  egg, w hich  in su res  transm ission  to the  
offspring (Douglas 1989).
In h u m an  body lice (Pediculus), m ycetom e-associated  bacteria leave 
their specialized cells v ia  a single opening and  m ig ra te  a long the digestive 
tract to the ov iduct Eberle and  McLean (1982; 1983). The endosym bion ts 
m igrate directly to the  oviducts, even w hen  the  ov iducts have been  
experim entally  m oved  to u n n a tu ra l locations w ith in  the insect. In w eevils, 
one species of endosym bion t is perm anently  associated  w ith  the h o s t 's  
oocytes (reviewed b y  D ouglas 1989). These sym bionts are p resen t in m a tu re  
oocytes, b u t leave to infect develop ing  oocytes in  a d u lt  w eevils. A lth o u g h  
these endosym bionts are  passed th rough  the eggs to offspring of both  sexes, 
they eventually  are ex tirpated  in  the males. T here  are also m ycetom e- 
associated endosym bion ts in  w eevils that have a m ore  typical m ode of 
vertical transm ission  in  w h ich  the  sym bionts m ig ra te  from  their specialized 
cells to the ovaries to be incorporated  into the eggs. T hus, w eevils are h o s t 
to a t least tw o d istinc t lineages of endosym bion ts th a t have ev o lv ed  
different m echanism s of vertical transm ission.
The com plex m echan ism s involved in  tran so v aria l transm ission  of 
endosym bionts doub tlessly  evolved over countless generations. As a resu lt 
of this in tim ate, long -term  relationship  betw een these h igh ly  specialized
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host-parasite  associates, m an y  of th em  also show  ev idence  of cophylogenv. I 
am  in terested  to know  if the  eggs o f chew ing lice co n ta in  bacteria that are 
tran sm itted  transovarially . If so, these bacteria are a lm o s t certain ly  long­
te rm  endosym bionts, an d  are  therefo re  good cand idates for the  study  of 
cophylogeny. A lthough  Saxena an d  A garw al (1985) docum en ted  the  
presence of m ycetocyte-associated bacteria in  the  ovaries of som e 
P h th irap teran  b ird  lice, a n d  Saxena e t al. (1985) d iscussed  the  history of 
bacteria associated w ith  the  ovaries of m any species of lice (inc lud ing  
m am m al lice in  the fam ily  T richodectidae), no s tu d y  has d e te rm in e d  
w h e th e r m ycetocyte-associated bacteria  are p resen t in  th e  trichodectid  lice 
th a t live on pocket gophers. In th is  study, I used  PCR, c loning , and  D N A  
sequencing  to search for 16S rR N A  sequences from  bacteria  associated w ith  
louse eggs.
MATERIALS AND METHODS
Twenty chew ing louse eggs from  Geom ydoecus e io ingi  w ere  collected 
from  the fur of their host, Geomys bursarius, and  d ep o sited  in to  each of tw o 
1.5ml m icrocentrifuge tubes. Each tube of 20 lice w as th en  w ashed  fo u r 
tim es in  a solution contain ing  400/rl saline EDTA buffer (con ta in ing  150mM
N aCl, lOmM EDTA, pH=8.0), 5 /d  lysozym e (lO m g/m l), a n d  10/d SDS (25%).
This treatm ent d islodged  a n d  rem o v ed  bacteria from  th e  o u te r surface of th e  
egg. The so lution used  to w ash  th e  egg was rem oved  afte r each trea tm e n t 
and  transferred to a separate  ste rile  m icrocentrifuge tube; the  louse eggs 
rem ain ed  in the sam e 1.5ml m icrocen trifuge tube th ro u g h o u t the en tire
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process. E xtrem e care w as taken n o t to ru p tu re  the eggs or accidentally  
rem ove th em  d u rin g  the w ash cycles. A fter the  w ashes, the eggs w ere  
c rushed  w ith  a m icropestle. Two negative  contro ls w ere used du ring  D N A  
extraction. T he first contained all of the  reagents used  in the D N A  
extraction process, and  the second con ta ined  the  sam e reagents p lus a 
m icropestle  (identical to the one used  to crush  the  eggs in  the ex p erim en ta l 
sam ples) to in su re  th a t none of the ex traction  reagents or tools was 
co n tam in a ted  w ith  bacteria. Each of the four w ash  so lu tions, the con tro ls, 
and  the  eggs w ere th en  digested w ith  p ro te inase  K as described in  the  
p rev ious chap ter.
G enom ic DN A  w as then  extracted by add ing  400/d of 
p h e n o l/c h lo ro fo rm , vortexing, and  sp in n in g  in  a m icro centrifuge for tw o 
m inutes a t 14,000 rpm . The supernatan t, w hich  contains the extracted D N A , 
w as carefu lly  rem oved  and  the extraction p ro ced u re  w as repeated  tw o m o re  
tim es. O ne m illilite r of 95% EtOH w as added , an d  the so lu tion  was 
incubated  on  ice o v e rn ig h t to precipitate genom ic DNA. C entrifugation  at 
14,000 rp m  for 20 m inu tes concentrated the D N A  into pellets. The EtOH 
was decan ted , and  the m icrocentrifuge tubes w ere  d ried  in a v a c u u m  
centrifuge for 15 m inutes. The resu lting  pellets w ere  resuspended  in 30/d of 
TE buffer. T he PCR protocol and p rim ers (27-f a n d  1525-r) described in th e  
p rev ious ch ap te r w ere u sed  to am plify bacterial 16S rR N A  sequences fro m  
the w ash  so lu tio n s  and  the louse eggs. C loning  and  D N A  sequencing also 
follow ed the  p rocedu re  ou tlined  in  the p rev io u s chapter. BLAST searches
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in  GenBank p ro v id ed  ten tative  identifications for u n know n  bacterial 
sam ples.
RESULTS AND DISCUSSION
The PCR reactions p ro d u ced  bright, distinct D N A  bands for both  the w ashes 
and  the eggs, w hereas the negative controls only  produced  faint sm ears of 
DNA that could  n o t be  cloned. I judged  that this slight con tam ination  w as 
insufficient to cause spu rious PCR am plifications in  the experim en tal 
extracts. Seventy-four clones w ere sequenced from  en v iro n m en ta l sam ples 
of chew ing louse eggs. M ost of the bacterial clones from  the eggs (50 of 74) 
w ere bacteria in  the genus Acinetobacter, and  Staphylococcus-like  bacteria 
w ere found  in  16 of 74 clones (Table 4.1). A  th ird  lineage in the genus 
Pseudomonas w as fo u n d  in  8 of 74 clones. Sixty-five clones w ere sequenced 
from  the w ash  so lu tions used  to rem ove bacteria from  the outside of the  
eggs. Acinetobacter accounted  for 23 of these 65 clones, Staphylococcus 22 of 
the  65 clones, an d  Afipia, Pseudomonas, and  Dyadobacterium  were found in  
a few clones each (Table 4.1).
From  these da ta  it appears that several types of bacteria (notably 
Acinetobacter, Afipia, Dyadobacterium, Pseudomonas, an d  Staphylococcus) 
are present on the o u te r surface of chew ing louse eggs. If I assum e that m y  
w ashing  technique effectively rem oved  the external bacteria from the eggs, 
then  Acinetobacter, Staphylococcus, and Pseudom onas  likely occur inside  
chew ing louse eggs. It is also possible, how ever, th a t the w ashing protocol
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Table 4.1. Types of b a c te ria  found in D N A  extracts of chew ing  louse  
eggs. Bacteria were identified , by BLAST searches of the  G enbank  D N A  
sequence database.
Bacteria F ound Egg1 Egg 2 W ash  1 W ash 3
Acinetobacter 18 32 16 7
A fip ia 0 0 10 0
Dyadobacterium 0 0 4 1
P seudom onas 5 3 4 1
Staphylococcus 15 1 0 22
Total 38 36 34 31
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d id  n o t rem ove all bacteria  from  the ou ter surface of th e  egg. If so, th en  
A cinetobacteria, S taphylococcus, a n d  Pseudom onas m u s t ad h ere  strongly to 
the ou ter surface of louse  eggs, as these taxa w ere  the  last rem oved  by 
w ashing . R esults of the  p reced in g  analysis cannot be u se d  to test these two 
hypotheses, so I designed  an o th e r  protocol to search for bac te ria l D N A  inside 
louse eggs.
Tw enty louse eggs w ere  w ashed  as before, b u t th is tim e in  a series of 
10 w ashes. The first, fifth, a n d  ten th  w ashes w ere am plified  b y  u sing  PCR, as 
w ere  the eggs them selves a n d  the  appropria te  controls. A ll th ree  w ashes 
p roduced  PCR products o f  the  target length  (ca. 1,530 bp), ju s t as in  the  
p rev ious analysis. H ow ever, the extract con tain ing  only  chew ing  louse eggs 
repeatedly  failed to p ro d u ce  PCR bands (despite the use of n u m e ro u s  PCR 
protocols), w hich suggested  the  absence of bacterial D N A  w ith in  the egg. To 
de term ine  tha t the D N A  ex traction  protocol w as effective, I am plified  the 
egg extracts using  p rim ers th a t annea l to the cytochrom e b gene of chew ing 
lice (obviously chew ing lo u se  eggs should  contain  chew ing  louse DNA). 
C ertainly  there is m ore h o s t (chew ing louse) D N A  in  a louse egg th an  
endosym bion t DNA. T hese PCR reactions p roduced  sing le , b righ t DNA 
bands that, w hen  sequenced , w ere  found  to be louse cy tochrom e b sequences. 
A lthough  this protocol does n o t preclude a m ethodo log ica l p rob lem  w ith  
bacterial extractions from  chew ing  louse eggs (d iscussed  below ), it is 
consistent w ith  the hyp o th esis  th a t the chew ing louse  eggs contain  n o  
in te rnal bacterial DNA.
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A c o n stan t concern in  any a ttem p t to am plify  endosym biont D N A  is 
the far g rea te r concentration  of host D N A  com pared  to that of the  
endosym biont. The resu lting  sw am ping  effect can be overcom e du rin g  PCR 
by  use of h ig h ly  specific DNA prim ers th a t p referen tia lly  anneal to bacterial 
DNA. H ow ever, w hen  PCR reactions fail, one  canno t ru le ou t low  D N A  
copy nu m b er as the cause of the failure. I tried  to quantify  the am o u n t of 
DN A in each  of the extractions in  th is study , includ ing  the w ashes th a t 
am plified  successfully, b u t all sam ples con ta ined  DNA in such low  
quantities th a t they  failed to register w h en  exam ined  w ith  a fluorom eter. It 
is conceivable th a t the failure of PCR reactions con ta in ing  egg extracts is the  
resu lt of e ith er no  D N A  tem plate (i.e., sterile  eggs) or the resu lt of low  copy 
num ber of bacteria l DNA. It is n o t possible to d istingu ish  betw een these tw o 
possibilities a t  th is tim e. W e know  from  o th er stud ies tha t the num ber of 
bacteria tran sfe rred  th ro u g h  the egg is alw ays low  (Douglas, 1989), so the  
hypothesis o f low  copy num ber seem s likely. H ow ever, w e also know  th a t 
in the  absence of a long-term  endosym biosis w ith  transovarially  in h e rite d  
bacteria, the eggs of m ost anim als are, in  fact, sterile at the tim e of 
deposition .
E ndosym bionts are som etim es tran sm itted  vertically  am ong insect 
hosts by  ad h erin g  to the ou ter surface of the insect egg (Douglas 1989). T his 
m echan ism  for vertical transm ission  of endosym bionts m ay be 
evo lu tio n arily  in te rm ed ia te  betw een (prim itive) contact transm ission  an d  
(derived) tran so v aria l transm ission. M y resu lts  are  consistent w ith  th e
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hypothesis th a t bacteria are found on  the  ou ter surface of chew ing  lo u se  
eggs, b u t n o t w ith in . H ow ever, conclusive evidence is lacking because m y  
tests canno t d istingu ish  betw een bacteria th a t adhered to the egg 's surface 
w hile the egg w as inside the louse versus bacteria that adhered  to the egg's 
surface after the egg w as laid. It is in teresting  to note th a t each of the  taxa of 
bacteria fo u n d  in  association w ith  chew ing  louse eggs also w as fo u n d  in  
ab u n d an t num bers in  the louse extracts (see previous chapter). F u r th e r  
analyses u s in g  m icroscopy and in situ hybrid ization  m ay reveal w h e th e r th e  
eggs contain , or are coated w ith, tru ly  endosym biotic bacteria. In s i tu  
hyb rid iza tion  also could be used to iden tify  bacteria associated w ith  th e  
ovarioles of chew ing lice to fu rther u n d e rs tan d  vertical tran sm iss io n  of 
these bacteria.
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CHAPTERS
STUDIES OF COPHYLOGENY: CHEWING LICE AND  
ENDOSYMBIOTIC BACTERIA
INTRODUCTION
H ost-parasite  system s are in trin sica lly  in te resting  to e v o lu tio n a ry  
biologists b ecause  they  often rep resen t lo n g  a n d  in tim ate  associations 
betw een tw o o r  m ore  groups of o rgan ism s th a t are d istan tly  re la ted  a n d  
quite d issim ila r biologically. This long  h is to ry  of association often  leads to  
reciprocal a d ap ta tio n s  in  the hosts and  th e ir  pa rasites (classical c o e v o lu tio n  
or coadaptation) as w ell as co n tem p o ran eo u s cladogenic even ts in  the  tw o  
lineages (cospeciation  or cophylogeny). C o m p ara tiv e  phylogeneticists a re  
particu larly  in te re s te d  in the p h e n o m e n o n  of cophylogeny because 
cospeciation e v e n ts  identify  tem poral links b e tw een  the host an d  p a rasite  
phylogenies, a n d  th u s  provide an  in te rn a l tim e  calibration for c o m p a ra tiv e  
studies of ra tes  o f evolu tion  in  the tw o g roups.
H afner a n d  N ad ler (1990) p roposed  a p ro toco l for in v estig a tio n  of 
cophylogeny th a t  w as designed to rem ed y  m an y  of the p rob lem s th a t  
ham pered  ea rlie r studies. They a rgued  th a t th e  m in im a l requ irem en ts  for a 
va lid  test o f  cophylogeny were: 1) in d e p e n d e n t host a n d  p a rasite
phylogenies; 2) w ell-corroborated phy logen ies based on  tree -b u ild in g  
algorithm s w ith  explicit assum ptions; a n d  3) rigorous statistical tests o f 
sim ilarity  b e tw ee n  the host and  parasite  phy logen ies . In ad d itio n  to th ese
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basic requ irem en ts , th ey  em phasized  th a t a  s tu d y  of cophylogeny w ou ld  be 
enhanced sign ifican tly  by com parative in v es tig a tio n  of m olecu lar (as 
opposed  to m orpho log ica l) d ifferentiation  in  th e  hosts an d  their parasites. 
This fram ew ork  for investigation  o f cophy logeny  has been used  in  
num erous p u b lish ed  stud ies, and the  n u m b e r of m olecular-based stud ies of 
cophylogeny has increased  rapidly (Page in  p ress).
P revious s tu d ies  of host-endosym bion t cophylogeny, particu larly  
those involv ing  a p h id s  a n d  their bacterial endosym bion ts (M oran e t  al. 1993; 
1995; M unson  e t al. 1991; U nterm an  e t al. 1989), have  show n rem arkab le  
levels of concordance betw een  host an d  sy m b io n t phylogenies. U sing h o s t 
divergence dates e stim ated  from  fossil ev idence , M oran  e t al. (1993) w ere 
able to infer bacteria l divergence dates in  the  absence of a fossil record. T his 
inference w o u ld  n o t  h av e  been  valid  w ith o u t firm  evidence of cophylogeny. 
Sim ilarly, M oran  e t al. (1995) used cophylogeny  as a  fram ew ork  to com pare 
relative rates of m o lecu lar change in  a p h id s  an d  the ir endosym biotic  
bacteria, w hich  c ircu m v en ted  the need  for estim ates of absolute rates of 
change. This la tte r s tu d y  (M oran et al. 1995) w as sim ilar in  design  to th e  
H afner e t al. (1994) s tu d y  of rates of m o lecu la r change in  gophers and  lice, 
and  the results of b o th  stud ies show ed th a t ra te  of ev o lu tio n  in  the  parasite 
was faster than  th a t of the  host.
I investiga ted  the phylogenetic re la tio n sh ip s  of several lineages of 
endosym biotic b acteria  associated w ith  the  g o pher-louse  system . To do th is, 
I sequenced the 16S rR N A  gene (1,531 bp) fo r clones extracted from  chew ing
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louse sam ples. The bacteria stud ied  w ere closely related to the  fo llow ing  
genera: Acinetobacter, Facklamia, Legionella, Pseudom onas, Staphylococcus, 
and  X anthom onas.  The gam m a subclass of the  Proteobacteria (w hich  
contains Acinetobacter, Facklamia, Legionella, P seudom onas,  an d  
X anthom onas)  has been  im plicated in  n u m ero u s endosym biotic  
relationsh ips w ith  insects. M em bers of the genus Staphylococcus are n o t  
know n to be endosym biotic, b u t w ere p reva len t in  m ost chew ing  louse an d  
louse egg extracts, an d  thus w arran t fu rther investigation . D N A  sequences 
for these taxa w ere used  to generate phylogenetic  hypotheses tha t could  be 
com pared to w ell established host phylogenies. This is the  first step in  
de term in ing  w h eth er any of these lineages have shared  a long h isto ry  of 
association w ith  chew ing lice or pocket gophers.
MATERIALS AND METHODS
The specim ens collected and  m ethods of DNA extraction, PCR, 
cloning, and  sequencing, are p rov ided  in  chapter 3. C on tiguous D N A  
fragm ents w ere assem bled w ith  Sequencher 3.1 and  consensus sequences 
w ere generated  for each clone. Clones of 16S rR N A  sequence w ere a ligned  
w ith  the com puter p rog ram  ClustalX (T hom pson e t al. 1997) to d e te rm in e  
the op tim al alignm ent. ClustalX is a global a lignm ent p rog ram  tha t aligns 
sim ilar sequences first, based  o n  a guide tree, before aligning m ore d iv e rg en t 
ones. DNA sequences for ou tg roup  taxa w ere dow nloaded  from  th e  
N ational C enter for B iotechnology In fo rm ation  (GenBank). Sequences 
identified  as Staphylococcus w ere analyzed  separately  from  those iden tified
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as gam m a-Proteobacteria. Com plete sequences are given in  A ppend ices II 
and  HI.
Phylogenetic Inference
I used  the best-fit m ax im u m -likelihood  (ML) m ethod  described by 
C unn ingham  e t al. (1998) to choose the m o st appropriate  ML m odel of 
nucleotide evo lu tion . This m ethod  increm en tally  increases the n u m b er of 
param eters in  the ML m odel un til the a d d itio n  of new  param eters no  lo n g er 
increases significantly the fit betw een the m odel and  the data. I u sed  th e  
com puter p rog ram  ModelTest (Posada an d  C randall 1998) as a gu ide  to select 
the best-fit M L m odel. This program  calculates ML scores w ith  64 n ested  ML 
m odels and  determ ines the best-fit m odel based on  hierarchical lik e lih o o d - 
ratio tests. The selected m odel an d  pa ram ete r estim ates w ere th en  e n te red  
in PAUP* (Phylogenetic Analysis U sing Parsim ony, Sw offord 2000). A 
heuristic search w as perform ed, w ith  ran d o m  sequence add ition  a n d  TBR 
branch sw apping. The resulting tree topology w as then  used  to re -estim ate  
the ML param eters. A nother heuristic  search  w as perform ed (w ith  10 
random  sequence additions) w ith  the n ew  param eter estim ates. If the  
resulting tree w as different from  the p rev ious tree based on  -In lik e lih o o d  
score then, the process was repeated  un til the  resu lting  tree score d id  n o t  
change in  successive iterations. This successive approxim ation  generates 
the best estim ates for the ML param eters an d  helps to in su re  th a t tree 
searching does n o t stop at a local op tim um . I u sed  m ultip le  o u tg ro u p s in  
m y analyses selected from  w ell established  phylogenies of 16S rR N A
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sequences (Rainey e t al. 1994; L am bert e t al. 1998). For co m p ara tiv e  
p u rposes, I u se d  the  m axim um -parsim ony (MP) m e th o d , as im plem ented  in  
PAUP*. B ootstrap analyses (1,000 replicates) w e re  generated  to d e te rm in e  
the rela tive  level of su p p o rt for in d iv id u a l nodes.
C om paring  H o st an d  Parasite Phy logen ies
Bacterial phylogenies genera ted  in  the above analyses w ere com pared  
statistically  to w ell-established louse phy logen ies generated  in  p rev io u s  
analyses (H afner e t al. 1994; H afner a n d  Page 1995; Page e t al. 1995; Page a n d  
H afner 1996). C om ponen t analysis (e.g., Page 1990a; 1994) treats the parasite  
phy logeny  as a lineage, ra ther th an  as a set of codes, a n d  m aps the  parasite  
tree on to  the  ho st tree. The m ajor lim ita tio n  of this m ethod , as 
im p lem en ted  in  COM PONENT (Page 1993a), is its  p o o r ability to deal w ith  
host-sw itch ing  events. R ecognizing this, Page ex ten d ed  the a lgorithm  for 
reconciling  trees to incorporate h o st sw itching, a n d  he  im plem ented  th e  
m e th o d  in  the  com puter p ro g ram  T reeM ap (h ttp :/ /  taxonom y. 
zoology.gla.ac.uk). A m ajor advan tage  of com ponent analysis 
(COM PO NEN T an d  TreeM ap) is th a t it allow s sta tistica l tests of s im ila rity  
be tw een  h o s t a n d  parasite phylogenies th a t take  in to  consideration  b o th  
cladistic topo logy  a n d  branch lengths. For these  reasons, c o m p o n e n t 
analysis w as u sed  to determ ine the  a m o u n t of s im ila rity  betw een host a n d  
parasite  phylogenies.
A lth o u g h  significant topological concordance of h o st and  parasite (or 
ho st an d  sym biont) trees is un like ly  to resu lt from  chance, it is possible th a t
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recent h o s t sw itch ing  m ay  produce spurious congruence , especially if closely 
related parasites p referen tially  colonize h osts  th a t a re  closely rela ted . 
Sim ilarly, incongruence  betw een  host an d  p a ra s ite  phylogenies m ay  re s u lt  
from  d ifferen tia l su rv iv a l of m ultiple parasite  lineages (lineage sorting), 
rather th a n  h o s t sw itch ing  (Page 1993b). I m a p p e d  the  bacterial phy logeny  
onto the ph y lo g en y  o f their chew ing louse h osts  w ith  the  com puter p ro g ra m  
TreeM ap, w h ich  reconciled  the host an d  p a rasite  trees by m axim izing  th e  
num ber of cospeciation  events and m in im iz in g  the  n u m ber of so rtin g  
events (i.e., host-sw itches, duplications, a n d  extinctions). Identification  o f 
probable host-sw itch ing  events m ay reveal w h e th e r  co lon iza tion  of n e w  
hosts b y  bacteria  is sim ply  opportunistic (nearest ne ighbor), or w h e th e r these  
sym bionts are track ing  a particu lar resource in  th e  h o s t environm ent. 
RESULTS
M axim um  L ik e lih o o d  M odels
The co m p u te r p rog ram  M odelTest (Posada a n d  C randall 1998) p icked 
the T am ura-N ei (T am ura  and  Nei 1993) m o d e l of nuc leo tide  ev o lu tio n  for 
both the  Staphylococcus  an d  gam m a-Proteobacteria d a ta  sets. The T am u ra -
Nei m odel allow s for tw o rates of transitions (A<->G a n d  C«-»T), one rate  for
tranversions, a n d  it  allow s unequal base frequencies. M odelTest d e te rm in e d  
that the  ad d itio n  of b o th  an  invarian t sites p a ra m e te r  an d  a variab le  sites 
param eter (according  to a gam m a distribution) sign ifican tly  increased the fit 
of the m odel. A n  in v a rian t sites param eter assum es th a t som e n u c le o tid e  
positions do  n o t v a ry  across taxa in the study. T he variab le  sites p a ra m e te r
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assum es that som e nucleo tide  sites are more variab le  th a n  o thers, and  th is 
pa ttern  can be estim ated by  a gam m a distribution. T he sh ap e  of the  gam m a 
distribution is described by  a  shape  param eter, a .  W h en  a lp h a  is sm all (e.g.,
a  = 0.05) m ost sites are evo lv ing  slow ly but a  few  sites are  chang ing  rapidly.
As alpha increases (e.g., a  =  10) the distribution becom es centered  a round  a 
value of 1.0 and  all sites a re  evo lv ing  a t nearly the  sam e rate. Low er alpha 
values are m ost com m on (a  = 0.03 to 0.07) in D N A  sequence data.
M odelTest does n o t perfo rm  likelihood ratio  tests betw een  all 
pairw ise com parisons of the  64 nested  models. R ather i t  uses a flow  d iagram  
th a t begins w ith  the m ost specific model (Jukes-C antor) an d  tests the  
add ition  of new  param eters. For instance, if the  ad d itio n  of u nequal base 
frequencies to a Jukes-C antor m odel is found to p ro d u ce  a significant 
difference in negative log likelihood  (-InL) score, the  n e w  m odel (in this case 
an  F-81 model; Felsenstein  1981) is chosen over the  n u ll m odel (Jukes- 
Cantor). Som etim es the s tru c tu re  of the tests u sed  in  M odelT est can resu lt 
in  over-param eterized estim ates of the best-fit ML m odel. To reduce the risk 
of choosing a m odel th a t is too  param eter-rich, I tested  the  m odel chosen by 
M odelTest (T am ura-N ei p lu s  in v arian t sites p lus gam m a, or TrN+I+G) 
against m any p e rm u ta tio n s of sim pler models. T he rem oval of any 
param eter associated w ith  the  TrN+I+G model p ro d u ced  significantly  worse 
-InL scores based on  like lihood  ratio  tests (p < 0.05), th u s  show ing  suppo rt 
for the best-fit m odel selected b y  ModelTest.
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G am m a-Proteobacteria A nalysis
The param eter estim ates p rov ided  by M odelTest w ere u sed  in  the  first 
ite ra tion  of ML analyses in  PAUP*. A  heuristic  search p rov ided  a single ML 
tree estim ate up o n  w hich new  ML param eters w ere estim ated. These v a rie d  
slightly  from  those generated p rev iously  by M odelTest an d  w ere u sed  to  
perfo rm  ano ther heuristic  search (10 replicates). In this analysis, th e  
resu lting  tree topologies varied am ong the ten  replicates and  the re su ltin g  
param eter estim ates varied  again  from  the p rev ious estim ates. Because it is 
advan tageous to re-estim ate the param eters o n  increasingly be tter trees u n t i l  
the estim ates stabilize, the param eters w ere estim ated  again an d  a n o th e r  
heuristic  search w as perform ed (10 replicates). The resu lting  p a ra m ete r 
estim ates d id  n o t change du ring  this ite ra tion  an d  the 10 heuris tic  search  
replicates converged on  the sam e tree topology. The best ML tree (Fig. 5.1) 
show ed th a t the clones extracted from  chew ing  louse sam ples w ere  n ested  
w ith in  the gam m a-Proteobacteria sequences dow nloaded  from  G enB ank. 
The uncorrected  sequence divergence ranged  from  0.0 to 16.8 p ercen t (Table 
5.1). Parsim ony  analysis (equally w eighted) p roduced  an  a lm ost iden tica l 
topology (red u n d an t taxa w ere p rim ed  from  this analysis). B ootstrap 
su p p o rt for clades w as either very  low  (show n  as polytom ies) or m o d era te  
(Figure 5.2). Figure 5.2 show s the 50% m ajority  ru le  consensus tree of all 
bootstrap replicates (n = 1,000) and  poly tom ies rep resen t clades fo u n d  in  
few er th an  50% of bootstrap  replicates.
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—10 Changes  Acinetobacter sp .l X81659
f  Acinetobacter johnsonii X81663 ex. Geomydoecns expansus 88-6
r Acinetobacter calcoaceticus X81661 
I Acinetobacter calcoaceticus X 81657 
—  Acinetobacter Iwoffii X81665 
— ex. Geomydoecus geomydis 91-31 
Acinetobacter haemolyticus X81662 
ex. Geomydoecus geomydis 91-11 
- ex. Geomydoecus geomydis 349-19
• ex. Geomydoecus geomydis 349-15 
ex. Geomydoecus expansus 88-17 
ex. Geomydoecus geomydis 91-18 
ex. Geomydoecus geomydis 91-28
H Acinetobacter baumannii X81667 
Acinetobacter baumannii X81660 
r Acinetobacter junii X81664 
*■ Acinetobacter junii X81658 
* 'inetobacter radioresistens X81666
Acinetobacter calcoaceticus X81668 
------------- ex. Geomydoecus expansus 88-5-2
ex. Geomydoecus geomydis B-22 
--------------ex. Geomydoecus expansus 88-5-1
 ex. Geomydoecus geomydis B-26
—  ex. Geomydoecus geomydis 91-19 
■ ex. Geomydoecus geomydis 349-11 
 Pseudomonas aeruginosa AF237678
F igure  5.1. M axim um  likelihood p hy logeny  for gam m a 
Proteobacteria  u s in g  the  Tam ura-N ei + I + G m odel (see text for details of 
m odel).
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Table 5.1. Uncorrected pairwise distances (P-distances) for 27 taxa of the gamma subclass of the Proteobacteria. 
Numbers following taxon names refer to National Center for Biotechnology Information (NCBI) accession numbers 
or clones numbers.
Bacterial Taxa 1 2 3 4 5 6 7 8
1 Acinetobactersp.l X81659
2 Acinetobacter radioresistens X81666 0.0426
3 Acinetobacter baumannii X81667 0.0357 0.0316
4 Acinetobacter baumannii X81660 0.0357 0.0316 0.0000
5 Acinetobacter johnsonii X81663 0.0289 0.0358 0.0351 0.0351
6 Acinetobacter calcoaceticus X81661 0.0412 0.0364 0.0363 0.0363 0.0282
7 Acinetobacter calcoaceticus X81657 0.0412 0.0364 0.0363 0.0363 0.0282 0.0014
8 Acinetobacter calcoaceticus X81668 0.0501 0.0323 0.0391 0.0391 0.0488 0.0445 0.0445
9 Acinetobacter junii X81664 0.0364 0.0275 0.0199 0.0199 0.0248 0.0350 0.0350 0.0432
10 Acinetobacter haemolyticus X81662 0.0323 0.0371 0.0281 0.0281 0.0137 0.0247 0.0247 0.0426
11 Acinetobacter junii X81658 0.0391 0.0289 0.0226 0.0226 0.0268 0.0336 0.0336 0.0404
12 Acinetobacter Iwoffii X81665 0.0364 0.0302 0.0377 0.0377 0.0227 0.0274 0.0274 0.0371
13 Geomydoecus geomydis-91-19 0.1360 0.1265 0.1249 0.1249 0.1293 0.1235 0.1235 0.1222
14 Geomydoecus geomydis-349-19 0.0303 0.0351 0.0234 0.0234 0.0200 0.0282 0.0282 0.0432
15 Geomydoecus geomydis-91-\8 0.0303 0.0337 0.0220 0.0220 0.0186 0.0268 0.0268 0.0419
16 Geomydoecus expansus-88-5-2 0.1536 0.1470 0.1543 0.1543 0.1540 0.1562 0.1563 0.1584
17 Geomydoecus geomydis-B-22 0.1519 0.1494 0.1525 0.1525 • 0.1508 0.1503 0.1503 0.1497
18 Geomydoecus geomydis-349-15 0.0323 0.0371 0.0254 0.0254 0.0220 0.0302 0.0302 0.0452
19 Geomydoecus expansus-88-6 0.0296 0.0386 0.0323 0.0323 0.0062 0.0275 0.0275 0.0467
20 Geomydoecus geomydis-91-28 0.0317 0.0345 0.0234 0.0234 0.0193 0.0282 0.0282 0.0433
21 Geomydoecus expansus-88-5-1 0.1785 0.1765 0.1775 0.1775 0.1775 0.1764 0.1764 0.1850
22 Geomydoecus expansus-88-17 0.0296 0.0344 0.0227 0.0227 0.0193 0.0275 0.0275 0.0426
23 Geomydoecus geomydis-B-26 0.1237 0.1115 0.1154 0.1154 0.1184 0.1127 0.1127 0.1106
24 Geomydoecus geomydis-349-11 0.1299 0.1190 0.1201 0.1201 0.1232 0.1174 0.1174 0.1147
25 Geomydoecus geomydis-91-31 0.0379 0.0414 0.0324 0.0324 0.0193 0.0303 0.0303 0.0468
26 Geomydoecus geomydis-91-11 0.0323 0.0379 0.0289 0.0289 0.0151 0.0254 0.0254 0.0439
27 Pseudomonas aeruginosa AF237678 0.1320 0.1135 0.1167 0.1167 0.1281 0.1235 0.1235 0.1145
(table cont.)
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Acinetobacter sp .l  X 81659 
Acinetobacter johnsonii X 81663 
ex. Geomydoecus expansus 88-6 
Acinetobacter calcoaceticus X 81657 
Acinetobacter Iwoffii X 81665 
Acinetobacter haemolyticus X 81662 
ex. Geomydoecus geom ydis  349-19 
ex. Geomydoecus geom ydis  349-15 
ex. Geomydoecus geom ydis  91-28 
ex. Geomydoecus expansus 88-17 
ex. Geomydoecus geom ydis  91-31 
ex. Geomydoecus geom ydis  91-11 
Acinetobacter baumannii X 81660 
Acinetobacter ju n ii  X 81658 
Acinetobacter radioresistens X 81666 
Acinetobacter calcoaceticus X 81668 
ex. Geomydoecus expansus 88-5-2 
ex. Geomydoecus geom ydis  B-22 
ex. Geomydoecus expansus 88-5-1 
ex. Geomydoecus geom ydis  B-26 
Pseudomonas aeruginosa A F237678 
ex. Geomydoecus geom ydis  349-11 
ex. Geomydoecus geom ydis  91-19
Figure 5.2. F ifty percent m ajority ru le  consensus tree of 1000 boo tstrap  
replicates u sing  th e  parsim ony  optim ality  criterion  for species o f gam m a 
Proteobacteria. N um bers a t nodes represen t boo tstrap  su p p o rt.
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Staphylococcus A nalysis
The p a ram ete r estim ates p rov ided  by M odelT est w ere  u sed  in the first 
iteration  o f M L analyses in  PAUP*. A heuristic  search  p ro v id e d  a single ML 
tree estim ate u p o n  w h ich  n ew  ML m odel param eters  w ere  estim ated. T hese 
varied  on ly  sligh tly  from  those generated p rev io u sly  by  M odelTest. T hey  
w ere u sed  to p e rfo rm  ano ther heuristic  search  (10 replicates) w h ich  
p rov ided  the  sam e topology in  each of the ten  replicates. The resu ltin g  
param eter estim ates d id  n o t deviate from  the  p rev io u s  estim ates a n d  
therefore the  p rocess o f ite ra tion  was term inated . The best ML tree (Fig. 5.3) 
show ed th a t the  clones extracted from  chew ing louse  sam ples w ere n ested  
bo th  w ith in  an d  o u tsid e  the Staphylococcus sequences dow nloaded  fro m  
GenBank. The unco rrec ted  sequence d ivergence ran g ed  from  0.0 to 12.4 
percen t (Table 5.2). Parsim ony  analysis generated  a sim ila r phylogenetic tree  
tha t w as w ell su p p o rted . F igure 5.4 is the 50% m ajo rity  ru le  bootstrap tree 
th a t w as genera ted  in  the parsim ony analysis, a n d  again , bootstrap su p p o rt 
w as e ither ve ry  lo w  (values less than  50% are sh o w n  as polytom ies) o r 
m oderate  based  o n  1,000 replicates (Figure 5.4). Som e of the  clones in  th is  
analysis w ere  closely re la ted  to know n taxa w hereas o thers seem  to be 
phylogenetically  d is tin c t groups. Several clones iso la ted  from  chew ing lice 
found  on  the  p ocke t gopher Thomomys bottae are basal to the k n o w n  
Staphylococcus species sh o w n  in  Figures 5.3 an d  5.4. W h en  16S rR N A  
sequences from  these  clones w ere queried against the NCBI database u sin g  
BLAST searches, the  m ost sim ilar taxa w ere those u sed  in  th is analysis. In
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— 5 Changes ex. Thomomydoecus minor -21 
ex. Thomomydoecus m inor -19 
ex. Thomomydoecus m inor  -27 
ex. Thomomydoecus m inor  -25 
ex. Thomomydoecus m inor  -17
_ ex. Thomomydoecus minor -30
-  ex . G eom ydoecus setzeri-7
- ex. G eom ydoecus geom ydis-6
-  ex . Thomomydoecus minor -20 
ex . G eom ydoecus centralis-11
.  ex. G eom ydoecus centralis-1  
ex. T h o m o m ys bottae*-2 
ex . Thomomydoecus minor -8 
ex . T h o m o m ys bottae*-7  
ex. T h o m o m ys b o tta e M
ex. G eom ydoecus expansis-21 
ex. G eom ydoecus geom ydis-17  
ex. T h o m o m ys bottae*-5 
I ex . T h o m o m ys bottae*-10 
ex. G eom ydoecus expansis-7 
Staphylococcus succinus A F004220
  ex . G eom ydoecus expansis-9
ex. G eom ydoecus expansis-1  
r ex . G eom ydoecus expattsis-10
-  ex. G eom ydoecus expansis-5
- ex . G eom ydoecus expansis-8  
Staphylococcus gallinarum  D 83366
— Staphylococcus saprophyticus L20250 
ex. G eom ydoecus panam ensis-9  
Staphylococcus cohnii A B009936
£
Bacillus subtilis A J276351
C Staphylococcus pasteuri A B 009944 Staphylococcus wameri A J276810 
ex. G eom ydoecus expansis-21  
ex. G eom ydoecus setzeri-3
ex. G eom ydoecus expansis-25  
—  Staphylococcus aureus X 68417 
1- Staphylococcus sciuri A F041358 
Staphylococcus pulvereri A B 009942 
1*1 Staphylococcus vitulinus  A B 009946 
•— Staphylococcus lentus D 83370
• Macrococcus bovicus Y 15714
Figure 5.3. M ax im um  likelihood  phylogeny fo r Staphylococcus 
species using  the T am ura-N ei + I + G m odel (see tex t for details of model). 
C lones m arked w ith  a n  asterisk  cou ld  be from  e ither o f tw o hosts 
(Thomomydoecus m inor  o r  Geomydoecus centralis).
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Table 5.2. Uncorrected P-distances for 42 taxa of Staphylococcus (listed by louse taxon). Numbers following 
taxon names refer to clones numbers. Asterisks denote clones that came from lice of the gopher Thomomys bottae.
Bacterial Taxa 1 2 3 4 5 6 7
1 Thomomydoecus minor 24
2 Thomomydoecus minor 19 0.0329
3 Thomomydoecus minor 27 0.0310 0.0045
4 Thomomydoecus minor 25 0.0316 0.0052 0.0032
5 Thomomydoecus minor 17 0.0304 0.0039 0.0019 0.0026
6 Thomomydoecus minor 30 0.0575 0.0323 0.0303 0.0310 0.0297
7 Geomydoecus setzeri 7 0.0643 0.0376 0.0357 0.0363 0.0350 0.0104
8 Geomydoecus geomydis 6 0.0630 0.0363 0.0344 0.0350 0.0337 0.0091 0.0045
9 Thomomydoecus minor 20 0.0623 0.0356 0.0337 0.0343 0.0330 0.0110 0.0071
10 Geomydoecus centralis 14 0.0616 0.0350 0.0331 0.0337 0.0324 0.0078 0.0039
11 Thomomydoecus minor 8 0.0635 0.0369 0.0350 0.0356 0.0343 0.0097 0.0071
12 Geomydoecus expansus 21 0.0595 0.0343 0.0323 0.0330 0,0317 0.0246 0,0220
13 Geomydoecus geomydis 17 0.0608 0.0356 0.0336 0.0343 0.0330 0.0259 0.0233
14 Geomydoecus centralis 1 0.0623 0.0357 0.0337 0.0344 0.0331 0.0084 0.0045
15 Geomydoecus expansus 24 0.0622 0.0356 0.0337 0.0343 0.0330 0.0330 0.0311
16 Geomydoecus expansus 10 0.0582 0.0330 0.0310 0.0317 0.0304 0.0252 0.0227
17 Geomydoecus setzeri 3 0.0622 0.0356 0.0337 0.0343 0.0330 0.0330 0.0318
18 Geomydoecus panamensis 9 0.0595 0.0330 0.0310 0.0317 0.0304 0.0213 0.0188
19 Geomydoecus expansus 5 0.0589 0.0336 0.0317 0.0323 0.0310 0.0259 0.0233
20 Geomydoecus expansus 9 0.0642 0.0389 0.0369 0.0376 0.0363 0.0291 0.0266
21 Thomomys bottae* 5 0.0609 0.0356 0.0336 0.0343 0.0330 0.0259 0.0234
22 Thomomys bottae* 2 0.0623 0.0356 0.0337 0.0344 0.0331 0.0084 0,0045
23 Thomomys bottae* 7 0.0596 0.0330 0.0311 0.0317 0.0304 0.0162 0.0136
24 Thomomys bottae* 4 0.0590 0.0324 0.0304 0.0311 0.0298 0.0155 0.0130
25 Geomydoecus expansus 8 0.0570 0.0317 0.0297 0.0304 0.0291 0.0239 0.0214
26 Geomydoecus expansus 4 0.0595 0.0343 0.0323 0.0330 0.0317 0.0246 0.0220
27 Geomydoecus expansus 7 0.0603 0.0350 0.0330 0.0337 0.0324 0.0253 0.0227
25 Thomomys bottae 15 0.0609 0.0356 0.0336 0.0343 0.0330 0.0259 0.0234
29 Geomydoecus expansus 25 0.0629 0.0362 0.0343 0.0350 0.0337 0.0337 0.0324
30 Staphylococcus aureus 0.0583 0.0317 0.0298 0.0304 0.0291 0.0304 0.0292
31 Staphylococcus cohnii 0.0349 0.0342 0.0322 0.0329 0.0315 0.0215 0.0195
32 Staphylococcus pasteuri 0.0329 0.0322 0.0302 0.0308 0.0295 0.0248 0.0229
33 Staphylococcus pulvereri 0.0100 0.0107 0.0087 0.0094 0.0080 0.0308 0.0343
34 Staphylococcus succinus 0.0590 0.0350 0.0330 0.0337 0.0324 0.0253 0.0228
35 Staphylococcus vitulinus 0.0107 0.0114 0.0094 0.0100 0.0087 0.0315 0.0350
36 Staphylococcus gallm rum 0.0339 0.0339 0.0319 0.0325 0.0312 0.0251 0.0232
37 Staphylococcus Jentus 0.0136 0.0122 0.0102 0.0108 0.0095 0.0318 0.0360
38 S. saprophyticus 
Staphylococcus warneri
0.0597 0.0328 0.0308 0.0315 0.0302 0.0275 0.0263
39 0.0473 0.0313 0.0293 0.0300 0.0287 0.0273 0.0248
40 Staphylococcus sciuri 0.0085 0.0092 0.0071 0.0078 0.0064 0.0298 0.0361
41 Macrococcus bovicus 0.0948 0.1018 0,0998 0.1005 0.0992 0.1135 0.1126
42 Bacillus subtilis 0.1111 0.1143 0.1136 0.1143 0.1129 0.1237 0.1208
(table cont.)
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-  ex. Thomomydoecus m inor -24
-  ex. Thomomydoecus m inor -19
-  ex. Thomomydoecus m inor  -27
-  ex. Thomomydoecus m inor -25
-  ex. Thomomydoecus m inor  -17
- ex. Thomomydoecus m inor  -30
- ex. Geomydoecus setzeri-7
- ex. Geomydoecus geontydis-6
- ex. Thomomydoecus m inor  -20
- ex. Geomydoecus centralis-14,
- ex. Geomydoecus centralis-1
- ex. Thom om ys bottae*-2
- ex. Thomomydoecus m inor  -8
- ex. Thom om ys b o tta e*-7
- ex. Thom om ys bottae*-4
- ex. Geomydoecus expansis-21
- ex. Geomydoecus geom ydis-17
- ex. Thom om ys b o tta e*-5
- ex. Thom om ys bottae*-10
■ ex. Geomydoecus expansis-7
• Staphylococcus succinus AF004220
■ ex. Geomydoecus expansis-9
■ ex. Geomydoecus expansis-4
■ ex. Geomydoecus expansis-10
■ ex. Geomydoecus expansis-5
■ ex. Geomydoecus expansis-8
■ Staphylococcus gallinarum  D83366
• ex. Geomydoecus panam ensis-9
■ Staphylococcus cohnii AB009936
■ Staphylococcus saprophyticus L20250
• ex. Geomydoecus expansis-24
■ ex. Geomydoecus setzeri-3
■ ex. Geomydoecus expansis-25
• Staphylococcus aureus X68417
• Staphylococcus pasteuri AB009944 
Staphylococcus wameri AJ276810 
Staphylococcus pulvereri AB009942 
Staphylococcus vitulinus AB009946 
Staphylococcus lentus D83370 
Staphylococcus sciuri AF041358 
Bacillus subtilis AJ276351 
Macrococcus bovicus Y15714
Figure 5.4. Fifty percen t m ajority  ru le  consensus tree of 1000 boo tstrap  
replicates u sing  the parsim ony  o p tim a lity  criterion for Staphylococcus 
species. C lones m arked  w ith  an  asterisk  cou ld  be from  either of tw o hosts 
(Thomomydoecus m inor  or Geomydoecus centralis).
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other w ords, these  clones have 16S rRN A  sequences th a t represen t lineages 
distinct from  those  su rveyed  elsew here and  d eposited  in  the NCBI database 
(GenBank).
DISCUSSION 
C ulture  In d e p e n d e n t M ethods
The effectiveness of 16S rRNA genes for de tecting  phylogenetic signal 
am ong Eubacteria has been debated w idely. Since cu ltu re -in d ep en d en t 
sam pling  m eth o d s cam e into practice, (H ugenho ltz  and  Pace 1996, 
H ugenho ltz  e t al. 1998, and  Pace 1997), the n u m b e r of ribosom al D N A  
sequences in  nuc leo tide  databases has g row n rap id ly . H ow ever, som e 
researchers have  cast doub t on  the effectiveness of the 16S rRNA gene in  
phylogenetic s tud ies of closely related organism s. D avid  W ard and  h is  
colleagues (W ard e t al. 1998) show ed th a t th e  16S rRNA gene w as 
insufficient to reso lve  the phylogenetic re la tionsh ip s of d istinct ecotypes of 
bacteria associated w ith  m icrobial m ats com m un ities . F urtherm ore , the  
ecologically an d  genetically  distinct popu lations s tu d ied  by W ard an d  h is  
colleagues (d ifferen tiated  based on in te rnal transcribed  spacer D N A  
sequences) h ad  iden tica l 16S rRNA sequences over their entire len g th  
(>1,500 bp). H ow ever, studies such as those by  Pau l B aum ann an d  h is  
colleagues (e.g., B aum ann  et al. 1997) found  sufficien t varia tion  in the 16S 
rRNA gene to reso lve the phylogenetic re la tionsh ip s of apparently  closely 
related species. T he discrepancy m ay be in  the  designation  of bacterial 
"species."
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Because there are so m an y  16S rRNA sequences for Eubacteria in  
genetic databases, researchers using  cu ltu re-in d ep en d en t analyses are 
constrained  to use ribosom al sequences to identify  u n k n o w n  sam ples. As 
m icrobiologists add o ther genes to these databases, th ere  w ill be decreased 
dependence on  ribosom al sequences. Regardless of th e ir  usefulness in  
phylogenetics, ribosom al DN A  sequences p rovide an  effective "nam e tag" 
for u n id en tified  bacteria. In m y  w ork, the 16S rRNA gene show ed that the  
pocket gopher-chew ing louse assem blage harbored m an y  types of bacteria 
(see chap ter 3). M ore specific analyses (e.g. the analysis of gam m a- 
Proteobacteria and  Staphylococcus) show ed that D N A  sam ples extracted 
from  chew ing louse sam ples can  also contain n u m ero u s  closely related taxa. 
Bacteria sam pled  from  lice cluster w ith in  and am ong w ell know n  species of 
bacteria (Figs. 5.1 - 5.4). H ow ever, m any of these species w ere  described based 
on the am oun t of 16S rRNA sequence sim ilarity be tw een  u n k n o w n  sam ples 
and p rev iously  sequenced species. David W ard (1998) has discussed the  
flaws in  this phenetic classification procedure and  has encouraged 
m icrobiologists to use a m ore na tu ra l species concept. Therefore, the  
d e linea tion  of "species" for the taxa of bacteria associated w ith  chew ing lice 
(e.g., A cinetobacter or Staphylococcus) is problem atic  d u e  to lack of 
in form ation  on  the na tu ra l h isto ry  of these organism s.
A nalyses o f the gamma-Proteobacteria
Bacterial 16S rRNA sequences that w ere ten ta tive ly  identified as 
gam m a-Proteobacteria (using BLAST searches of GenBank) w ere  com pletely
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sequenced  a n d  analyzed  cladistically. K now n gam m a-Proteobacteria  w ere  
analyzed  a lo n g  w ith  the clones sam p led  from  chew ing  lice. Som e clones 
g rouped  w ith in  the  d a d e  of A cinetobacter  species dow n loaded  fro m  
G enB ank (Figure 5.1). Three clones (88-5-1, 88-5-2, an d  B-22) w ere closely 
rela ted  to the  A cinetobacter  sp ed es , b u t w ere  fo u n d  to be sister to th e m  
ra th e r th a n  n ested  w ith in  Acinetobacter. W hen  the  com plete 16S rR N A  
sequences for these clones w ere queried  again st G enBank, the m ost closely 
re la ted  taxa w ere  the  Acinetobacter species u se d  in  th is analysis ra ther th an  a 
g roup  n ested  b e tw een  A cinetobacter  an d  the  o u tg ro u p  taxa. These c lones 
could  rep re se n t e ither a new  lineage of A cinetobacter or a d is tin c t 
undescribed  lineage. T hree ad d itio n a l clones appear ou tside  th e  
A cinetobacter  d a d e  (B-26, 91-19, an d  349-11; Fig. 5.1). BLAST searches o f 
G enB ank d e te rm in ed  that the d o se s t taxa to these three outliers a re  
m em bers o f the  genus P seudom onas. P rev iously , these clones h ad  b een  
assigned to  th e  genera  Legionella, P seudom onas, an d  X an th o m o n a s  based 
on  p a rtia l 16S rR N A  sequences. F igure 5.1 w as rooted  w ith  the o n ly  
p u ta tiv e  o u tg ro u p  taxon know n  a t the tim e {Pseudomonas aeruginosa). 
F igure 5.2 (analyzed  after Figure 5.1) u sed  the  three outliers and  P. 
aeruginosa  as ou tg ro u p  taxa. It is e v id en t th a t the  re la tionsh ip  am ong  th e  
four in d iv id u a ls  has changed in  Fig. 5.2 an d  w arran ts  fu rther in v es tig a tio n . 
To u n d e rs ta n d  the  phylogenetic re la tionsh ip  a n d  taxonom ic p lacem ent o f 
these taxa, be tter sam pling  and  a new  series o f ou tg roup  taxa w ill be 
requ ired .
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Bootstrap analysis (Figure 5.2) show s som e am biguity  in  th e  
relationships of th e  know n species of gam m a-Proteobacteria. I t appears th a t 
the low  bootstrap  su p p o rt for som e clades is a p roduct of the n u c le o tid e  
substitu tion  p a tte rn s  inheren t in  the ribosom al D N A  sequences of these  
taxa. There are  lo n g  regions of invariable  sites punc tua ted  by  regions of h ig h  
variab ility  (A ppend ix  II). W here nucleo tide  changes occur betw een taxa, the  
changes contain  hom oplasious in fo rm a tio n  an d  p rov ide  lim ite d  
phylogenetic signal. As a result, som e clades rem ain  unreso lved . A genetic  
m arker tha t evo lves a t a rate faster th an  the  16S rR N A  gene m ay he lp  to 
clarify these re la tionsh ips.
A nalyses of Staphylococcus
Clones th a t w ere sim ilar to Staphylococcus  based on  p re lim in a ry  
BLAST searches o f G enBank w ere com plete ly  sequenced an d  analyzed  by 
m ax im um  like lihood  and  pars im o n y  analyses. Eleven species of 
Staphylococcus w ere  dow nloaded  from  G enB ank along w ith  tw o o u tg ro u p  
taxa, Bacillus subtilis and  Macrococcus bovicus. M any of the clones extracted 
from  chew ing lice c lustered  w ith in  the know n  Staphylococcus taxa (Fig. 5.3). 
W hereas o ther c lones (Thom om ydoecus m inor 24, 19, 27, 25, and  17) ap p ear 
as basal lineages rela tive  to the know n  Staphylococcus species (Fig. 5.3). S till 
o ther clones (those from  Thom om ydoecus m in o r , Geomydoecus setzeri, G. 
geomydis, G. centralis, and  those from  the  gopher taxon T h o m o m y s bottae) 
form  a un ique  clade nested  w ith in  the  k now n  Staphylococcus species (Fig. 
5.3). The m ost basal lineages of clones (Fig. 5.3) could be un ique  to th e
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T h o m o m y s bottae assem blage or an  artifact o f incom plete  taxon sam pling . 
The com plete 16S rR N A  sequence for every  clone in  this analysis was 
queried  against G enB ank an d  the closest m atches w ere those found in th e  
m ain  clade of Staphylococcus species. These clones ap p ea r to form two basal 
lineages (all from  T h o m o m yd o ecu s  m in o r ) a n d  one derived  lineage (those 
from  Thom om ydoecus m in o r, Geomydoecus setzeri, G. geomydis, G. 
centralis, and  those from  the gopher taxon T h o m o m y s  bottae) related to 
Staphylococcus. For the sam e reasons sta ted  p rev iously , it w ould  be 
p rem atu re  to form ally  n am e  these taxa as d istinc t species based solely o n  
their 16S rRNA sequences. H ow ever, bo th  of the basal lineages and  the  
derived  lineage appear to be quite d istinct from  the taxa of Staphylococcus 
for w hich  16S rRNA sequences are know n (Fig. 5.4).
Bootstrap analysis, based on 1,000 rep licates u sing  the pa rs im o n y  
optim ality  criterion, show s w eak  to m odera te  su p p o rt for m ost of the clades 
in  the analysis of Staphylococcus and  Staphylococcus-like  clones . It seem s 
tha t the 16S rR N A  gene is able to resolve in terspecific relationships in th is  
clade, b u t it fails to resolve relationships am ong m ore closely related taxa. A 
genetic m arker th a t evo lves a t a rate faster th an  the 16S rRNA gene w o u ld  
be beneficial in fu tu re  analyses of these bacteria.
Cophylogeny
Of the tw o phylogenetic  analyses p resen ted  in  th is chapter, only the  
one involving species re la ted  to Staphylococcus (Fig. 5.3) could be exam ined  
for pa tterns of cophylogeny. The clones sam p led  from  chew ing lice in the
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
analysis of the  gam m a-Proteobacteria (Fig. 5.1) cam e from  on ly  tw o hosts 
and  studies of cophylogeny m ust contain a t least three hosts as there is on ly  
one phylogenetic relationship  possible for tw o taxa. Patterns o f cophylogeny 
often are cryptic to the investigator, therefore , statistical tests of s im ila rity  
betw een host an d  parasite  phylogenies are  th e  on ly  objective w ay  to d iscern  
these patterns. In  the case of the Staphylococcus  species, there  are five  
chew ing louse hosts {Thomomydoecus m in o r , G eom ydoecus centralis, G. 
expansus, G. p anam ensis , and  G. setzeri) and  29 bacterial clones sam p led  
from  the five hosts. P relim inary analyses of chew ing louse an d  
Staphylococcus tree topologies (using TreeM ap) suggest th a t there  are on ly  
three cospeciation even ts and  m any h o st sw itch ing  events th a t encom pass 
the entire tree topology depicted in  Figures 5.3 and  5.4. H ow ever, pa tterns of 
cophylogeny m ay  exist in localized areas of the phylogeny. For exam ple, 
certain subclades w ith in  the Staphylococcus  assem blage m ay  sh o w  
cophylogeny w ith  the ir insect hosts even  th o u g h  the overa ll assem blage 
does not. The difference, of course, is the  scale a t w hich one com pares ho st- 
parasite pairs. Despite little ev idence of cospeciation betw een  
Staphylococcus an d  their chew ing louse hosts in  this analysis, there could  be 
evidence of cospeciation betw een one o r tw o clades of Staphylococcus and  
their hosts. C urren tly , investigation  a t low er phylogenetic  levels is 
ham pered  by incom plete  taxon sam pling. F u tu re  studies sh o u ld  sam ple  
specific Staphylococcus clades in tensively  by designing PCR p rim ers th a t
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p referen tia lly  anneal to only a  few  S ta p h y lo co ccu s  species, which m ake it eas ie r to 
am plify the target sequences.
Chewing Louse and Bacteria Associations
B ecause this study was the first to docum ent the association o f  bacte ria  with 
chew ing lice o f  the fam ily Trichodectidae, it is no t surprising that this analysis generated 
m ore questions than it answered. I have now  docum ented that m ultip le taxa o f  both 
A cine tobacter  and Staphylococcus  are associated with the pocket gopher-chew ing louse 
system . W hether these taxa represent m ultiple species o f  bacteria rem ains to be tested. 
A t presen t, I cannot say w hether e ither lineage is truly endosym biotic. To test the 
hypothesis o f  endosym biosis, future research should  use m icroscopy techn iques in 
com bination  w ith in situ  hybrid ization , w hich causes target species o f b ac te ria  to 
fluoresce. T his w ould allow the researcher to  target certain species o f  b ac te ria  to 
determ ine if  they are present w ithin the chew ing  louse host. It is possib le  tha t the 
bacteria  surveyed in this study are only transient associates o f chew ing lice. D espite  
efforts to sterilize the surface o f chew ing lice p rio r to D N A  extraction, it is conceivable 
that the bacteria  described herein are actually associated  with the pocket gopher o r the 
underground burrow  system  in which the assem blage lives. U ndoubtedly, we are only 
scratch ing  the surface o f a com plex in teraction betw een a m am m al, an insect, and 
num erous m icroorganism s. This particu lar host-parasite  system  (gophers, lice , and 
Eubacteria) is exceptionally prom ising because o f  the high level o f population isolation
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docum ented  fo r the  m am m al an d  in sect lineages. F u tu re  w o rk  m u st 
include base-level characterization  of the  m icrobial co m m u n ity  associated 
w ith  pocket gophers , chew ing lice, a n d  the ir su b te rran ean  b u rro w  systems. 
In  add ition , know ledge  of the basic n a tu ra l h isto ry  of th e  bacteria associated 
w ith  the gopher-louse  system  is im p o rtan t so th a t fu tu re  studies of 
cospeciation can  focus on  lineages of bacteria th a t h ave  biologically 
m ean ingfu l in te rac tio n s w ith  the (gopher-louse) system , ra th e r th an  
transien t bacteria  o r form s in troduced  by  contam ination .
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SUM M ARY A N D  CON CLU SIO N S
This d isserta tion  exam ined  the possible m echan ism s of cospeciation  
in  a  host-parasite  system  a n d  su rveyed  new  associates in a m odel system  for 
the study  of cophylogeny. Pocket gophers an d  the ir ectoparasitic ch ew in g  
lice have shared  a long  h is to ry  of association. Because of low  h o st an d  
parasite  vagility, lineages of chew ing  lice have been  stranded  on lineages of 
pocket gophers for m illenn ia . T hrough  tim e, these lineages have speciated  
in parallel. This p a tte rn  o f cophylogeny has likely been  reinforced by m a n y  
m echanism s, includ ing  th e  ev o lu tio n  of an  in tricate  fit betw een the lo u se  
rostral groove and  the h a ir shaft of its na tu ra l host (chapter 1). W hereas th e  
fit betw een  louse rostral grooves and  gopher h a ir shafts m ay re in fo rce  
pa tterns of cophylogeny a t interspecific levels, it does n o t seem  to be a m e a n s  
of hab itat pa rtition ing  by com peting  species of chew ing  lice tha t live on  th e  
sam e pocket gopher host (chapter 2).
C ertain  species of chew ing  lice can coexist w ith  o ther louse species, 
b u t this s itua tion  is the exception, ra ther than  the ru le  in the g o pher-louse  
system . For exam ple, tw o genera of lice (T h o m o m yd o ecu s  a n d  
G eom ydoecus) occasionally co-occur on pocket gophers of the g en u s 
T h o m o m ys. In  chap ter 2, I show ed  that those coexisting louse species w ere  
spatially  segregated over the pelage of the gopher, b u t the m echan ism  by 
w hich  they  partition  their h ab ita t does no t appear to be differential ability  to 
g rasp  hairs of different d iam eter.
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The last three chapters of this d isserta tion  in v o lv e  th e  search for n e w  
sym bionts in  the gopher-louse association, n am e ly  b ac te ria l taxa associated 
w ith  the chew ing lice. In chapter 3, I u sed  c u ltu re - in d e p e n d e n t m e th o d s 
p ioneered  by  Carl W oese and  N orm  Pace to iden tify  35 b ac teria l lineages th a t 
w ere found  in  association w ith  pocket gophers , chew ing  lice, and  th e ir  
sub te rranean  bu rrow  system . In chapter 4, I d em o n stra ted  that there was 
bacterial DNA associated w ith  the eggs of chew ing  lice. V ertical 
transm ission  of endosym bionts th ro u g h  eggs is a co m m o n  m eans of 
d ispersal for endosym biotic bacteria of insects. In  the  f in a l chapter, I 
de te rm ined  the phylogenetic re la tionsh ips of tw o lin eag es of bacteria 
associated w ith  this system . I sequenced the com plete  16S rRINA gene for all 
clones related  to the genera Staphylococcus an d  A cinetobacter. I u sed  
parsim ony  and  m ax im um  likelihood analyses to g e n e ra te  phylogenetic 
hypotheses for the  bacteria that w ere com pared  to those of their hosts 
(chew ing lice). U nfortunately , little can be sa id  ab o u t w h e th e r  bacteria show  
evidence of cophylogeny w ith  their hosts u n til  taxon sa m p lin g  is m o re  
com plete. It also w ill be necessary to d e te rm in e  w h e th e r thtese bacteria are 
true endosym bionts or m erely  transien ts in  th is  system . F u tu re  research in  
this area  w ill focus on  de term in ing  w hich  of the  35 bac teria l lineages are 
tru ly  endosym biotic, fu rther sam pling  of Staphylococcus  a n d  Acinetobacter, 
and identify ing  add itional lineages o f bacteria th a t a lm ost certa in ly  exist, b u t 
have y e t to be discovered.
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APPENDIX: SPECIMENS EXAMINED
Specimens examined: Specimens are deposited in the Museum of Natural Science, Louisiana 
State University (LSUMZ) and the Museum of Vertebrate Zoology, University of California, 
Berkeley (MVZ).
Interordinal comparisons
O rder Family Species Specimen num ber Sex Mass (g)
Insectivora S oricidae Cryptotis parva LSUM Z 23789 U 4.0
T alp idae Scalopus aquations LSUM Z 6981 M 113.4
C hiroptera Pteropodidae Pteropus LSUM Z 17726 M 900b
V espertilionidae Pipistrellus hesperus LSUM Z 22041 M 3.5
Primates C ercopithecidae Colobus guereza LSUM Z 26271' F 8,000b
Loris id ae Nycticebus LSUM Z 28897* M 650b
Lagomorpha Leporidae Lepus alleni LSUM Z 13465 M 3,500b
O chotonidae Ochotona princeps LSUM Z 35909 F 129.9
Rodentia Heteromyidae Dipodomys ordii LSUM Z 25321 M 72
M uridae Baiomys taylori LSUM Z 4629 F 8.4
Sciuridae Sciurus niger LSUM Z 28476 F 1,000
A rtiodactyla Bovidae Taurolragus oryx LSUM Z 36155* U 600,000b
Bovidae Madoqua LSUM Z 36156* M 5,000b
Hyracoidea Procaviidae Procavia capensis LSUM Z 34649* M 4,000b
Perissodactyla T ap irid ae Tapirus bairdii LSUM Z 6977 M 250,000b
E quidae Equus LSUM Z 36157* U 400,000b
C arnivora M ustelidae Mustela frenata LSUM Z 28014 M 207
U rsidae Ursus arctos LSUM Z 36158* U 600,000b
(appendix cont.)
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In t r a f a m i l ia l  c o m p a r is o n s
Rodentia Geomyidae Geomys breviceps LSU M Z 31451 M 180
Geomyidae G. pinetus LSU M Z 23655 M 360
Geomyidae G. tropicalis LSU M Z 34345 M 235
Geomyidae Orthogeomys cavator LSU M Z 29253 M 875
Geomyidae O. cherriei LSU M Z 29539 M 455
Geomyidae O. heterodus LSU M Z 29265 M 620
Geomyidae O. underwoodi LSU M Z 28368 M 260
Geomyidae Thomomys bottae LSU M Z 35992 M 210
Geomyidae T. bulbivorus LSU M Z 31313 M 410
Geomyidae T. mazama LSU M Z 31398 F 87
Geomyidae T. monticola LSU M Z 31411 M 94
Geomyidae T. talpoides LSU M Z 34387 F 91
Geomyidae T. townsendii LSU M Z 31264 M 300
Geomyidae T. umbrinus LSU M Z 34362 M 115
In tra g e n e r ic  c o m p a r is o n s
Rodentia Geomyidae Thomomys bottae LSU M Z 35992 M 210
Geomyidae T. bulbivorus LSU M Z 31313 M 410
Geomyidae T. mazama LSU M Z 31398 F 87
Geomyidae T. monticola LSU M Z 31411 M 94
Geomyidae T. talpoides LSU M Z 34387 F 91
Geomyidae T. townsendii LSU M Z 31264 M 300
Geomyidae T. umbrinus LSU M Z 34362 M 115
In tra s p e c if ic  c o m p a r is o n s
Rodentia Geomyidae Thomomys bottae LSU M Z 35992 M 210
Geomyidae T. bottae (juvenile) LSU M Z 20936 M 37.5
Geomyidae T. b. perpes M VZ 166402 M 236
Geomyidae T. b. perpes M VZ 140497 M 96
Geomyidae T. b. perpallidus M VZ 170521 M 189
Geomyidae T. b. perpallidus M VZ 170565 M 200
Geomyidae T. b. perpallidus M VZ 80595 M 74.2
Geomyidae T. b. perpallidus M VZ 80606 M 89.0
B o d y  m a ss  e s t im a te d  f ro m  N o w a k  (1999). 
’ S p e c im e n s  n o t  c o lle c te d  f ro m  th e  w ild .
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tw o years as a biologist a t The Florida A quarium  in  Tam pa, Florida. H e is 
cu rren tly  finishing his doctoral research in zoology a t Louisiana State 
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